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ABSTRACT

Accurate predictive modeling of high explosives in abnormal conditions,
such as a fire, is critical to personnel safety. Modeling depends heavily on pre-
cise physical characterization of the high explosive in question. The aim of this
thesis was to characterize the detonation response to shock and the microstruc-
ture at high-temperature (250 ◦C) of PBX 9502 and use these data to attempt to
model these results using a new reactive burn model called SURF (Scaled Uni-
form Reactive Front). In order to characterize the shock response of PBX 9502
at high-temperature a 1D gas gun experiment was designed and executed that
provided shock to detonation transition data. These data were then used to do a
preliminary calibration of SURF for PBX 9502 at 250 ◦C. Small-angle neutron scat-
tering (SANS) was employed to characterize the void morphology of PBX 9502
as a function of temperature. This was done in order to feed a modified version
of SURF called physically informed - SURF (π-SURF) which uses the void size
and quantity distribution data as measured by SANS along with the deflagration
and detonation characteristics of a high explosive to inform the SURF model. The
π-SURF model was then used to model both ambient and high-temperature PBX
9502 SDT response and the results were compared to the physically measured
results. It was found that π-SURF works in ambient cases. At high-temperature,
however, it was determined that not enough information is known about hot spot
formation to use the π-SURF model for high-temperature scenarios.

Keywords: PBX 9502; High Temperature; Small-Angle Neutron Scattering; Shock
Response; Predictive Modeling
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CHAPTER 1

INTRODUCTION

1.1 Background

Understanding the response of a high explosive (HE) at high-temperature

is crucial as it allows scientists and engineers to predict its behavior during ab-

normal events and to design controls for risk mitigation. One of the high explo-

sives used by the US Department of Energy (DOE) due to its inherent safety is

PBX 9502, which consists of 95%-wt dry-aminated TATB and 5%-wt Kel-F 800

flouropolymer binder. TATB, which is triamino-1,3,5 trinitrobenzene-2,4,6, is an

aromatic high explosive compound that is deemed an insensitive high explosive

(IHE) as defined by the DOE [DOE, 2012]. The DOE standard requires benign

response to stimuli common in accident scenarios while requiring the IHE to det-

onate under design mode operation. As PBX 9502 is an IHE, it is difficult to

detonate in as-manufactured form as demonstrated by Gustavsen et al. [2006].

However, its shock sensitivity has been demonstrated to increase as it is heated

(Dallman and Wackerle [1993]; Gustavsen et al. [2017]; Rae et al. [2014]). De-

spite this increase in sensitivity, even at high-temperatures under confinement

Rae et al. [2014] demonstrated PBX 9502 is still less sensitive than the conven-
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tional high explosive PBX 9501. The driver of the increased sensitivity of TATB

based explosives that are subjected to thermal insult can be described by the the-

ory of detonation initiation.

This theory of microstructure dependent detonation initiation is known

as Hot Spot Theory (Bowden and Yoffe [1985]). This theory describes the process

of build up to detonation around shock heated microstructural features via pro-

cesses such as adiabatic compression of void space, internal friction, and visco-

plastic heating. Principally, the intra- and inter-granular void collapse provides

the bulk of the energy contribution in the shock-to-detonation transition (SDT)

process. As these voids are adiabatically compressed, they heat up to tempera-

tures on the order of a few thousand degrees Celsius. Furthermore, as the walls

collapse, localized and intense viscoplastic heating occurs. Under some circum-

stances jetting across the void can also occur leading to extreme pressures being

imposed on the impacted face of the void. This is a Monroe jet effect and is

thought to be an important method of energy localization in some detonations.

The theory of hot spot initiation shows that the sensitivity of a polycrys-

talline HE is dependent on microstructural features, namely void size and struc-

ture. The change in PBX 9502 void morphology due to thermal insult is supported

by experimental evidence. PBX 9502 exhibits a phenomena called ratchet growth,

which is the irreversible thermal expansion of pressed PBX 9502 as it is heated to

a moderate temperature and cooled back down repeatedly for a given number of

cycles (Kolb and Rizzo [1979]). This permanent growth is attributed to the reor-

ganization of the TATB crystals to a reduced stress state from that of the pressing

induced stress state (DeLuca et al. [2012]; Thompson et al. [2015]). This crystal

arrangement occurs at relatively low temperatures due to the Kel-F 800 binder
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glass transition temperature, Tg, of 28°C (Cady and Caley [1977]). Examining the

microstructure of ratchet grown PBX 9502 reveals an increased quantity and size

of pores and thus an overall decrease in density of the bulk charge as discussed

in detail in Section 1.2.1.

Accurate predictive modeling of shock initiation is amongst one of the

most difficult challenges currently facing the explosives community. Modeling of

detonation initiation in heterogeneous polycrystalline explosives by a strong im-

pulse is challenging because it requires the macroscopic hydrodynamics as well

as resolution of the crystalline structure and nucleation of voids at the micro-

scopic level. That is, continuum models such as the ones currently employed are

ill-suited to reproduce effects from what is essentially a heterogeneous system.

The type of models that encompass the whole SDT process are known as Reac-

tive Burn Models. These reactive burn models attempt to predict the reaction of

HE to impulse by modeling the ignition of hot spots by shock insult and using

chemical rate kinetics to determine the deflagration growth rate of the energetic

material surrounding the collapsed void space. Hence the naming of this process

as the Ignition and Growth Concept. The ignition and growth based model was first

introduced in its complete form by Lee and Tarver [1980]. A relatively new reac-

tive burn model based on the ignition and growth concept has been developed

called the Surface Uniform Reactive Flow (SURF) model, developed by Shaw and

Menikoff [2010]. The SURF model takes into account the number of burn centers

affected by the lead shock and the deflagration wave speed of the HE, depend-

ing on the HE conditions in that unit cell. Based on these deflagration waves,

known as wavelets, transition to detonation can be predicted. Currently, SURF, as

with every other reactive burn model, requires calibration to experimental data.
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That is, certain parameters of the SURF governing equations need to be adjusted

until the model accurately reflects known shock measurements in order for it to

be used to model other problems. A process developed by Perry et al. [2018b]

has demonstrated that it is possible with the SURF reactive burn model to uti-

lize small-angle scattering void measurements, deflagration properties based on

chemical rate kinetics, and theoretical hot spot characteristics in lieu of empirical

calibration data.

In order to obtain the requisite void structure data for the reactive burn

models, direct measurement of the void structure itself is needed. This is done

through small-angle scattering techniques utilizing either neutrons (SANS) or x-

rays (SAXS). These small-angle scattering techniques have been used to examine

the void structure as a function of HE pressing (Mang and Hjelm [2013]) and

in ratchet growth studies (Thompson et al. [2010]; Willey et al. [2006]). In these

studies, the void structure was examined and characterized successfully. In the

current literature, no high-temperature in-situ data for PBX 9502 void structure

exists. The small-angle scattering measurements of high-temperature PBX 9502

will be made as a part of this thesis.

With regard to safety, it is critical to fully understand how initiation of det-

onation in pressed polycrystalline high explosives occurs, and more importantly,

how high-temperature void morphology influences detonation initiation. Accu-

rate predictive modeling of thermally insulted HE is paramount to safe handling

and the safety of emergency personnel. The goal of this research is, therefore,

to acquire the requisite microstructure characterization of heated PBX 9502 and

attempt to utilize that microstructure data in the SURF reactive burn model in

place of calibration data to predict the behavior of thermally insulted PBX 9502.
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Finally, these predictions will be qualitatively compared to current and historic

high-temperature test data of PBX 9502.

1.2 Prior Work

PBX 9502 was developed in the 1950’s (Dobratz [1995]) and has been tested

extensively since then. There is a plethora of research published regarding PBX 9502

and similar TATB based species, however, the scope of this research only pertains

to void morphology due to thermal insult, how that affects sensitivity, and the

ability to accurately predict shock response of PBX 9502 in abnormal thermal en-

vironments.

1.2.1 Void Morphology

As previously discussed, PBX 9502 has two constituents: the Kel-F 800

binder, and TATB, which has relatively complex microstructural behavior due

to its unique molecular and crystalline structure. The TATB molecule consists

of 3 amino and 3 nitro groups alternately dispersed around a benzene ring, as

shown in Figure 1.1(a). These amino (NH2) and nitro (NO2) groups form hydro-

gen bonds with the amino and nitro groups of neighboring molecules forming a

plane of triclinic TATB cells, as depicted as the a-b plane in Figure 1.1(b). Between

these molecular planes, weak Van der Waals bonds form as presented by Cady

and Larson [1965]. The widely differing strength molecular bonds in the crystal

structure are responsible for the anisotropic growth seen in TATB as described by

Kolb and Rizzo [1979].
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(a) TATB Molecule (b) TATB Crystal Structure

Figure 1.1: (a) TATB molecule with carbon, nitrogen, oxygen, and hydrogen
atoms in brown, silver, red, and pink, respectively. (b) The TATB crystal structure
depicts the graphite-like arrangement of the molecules. The thermal expansion
between the planes along the crystallographic c-axis is about one order of magni-
tude greater than the expansion within the planes along the a and b axes.
Image credit: Darby Luscher, Los Alamos National Laboratory

Anisotropic thermal expansion of TATB has been thoroughly investigated

(Cady and Larson [1965]; Kolb and Rizzo [1979]; Maienschein and Garcia [2002];

Skidmore et al. [2003]; Sun et al. [2010]; Yeager et al. [2016]). The data between

Kolb and Rizzo [1979] and Sun et al. [2010] shows a slight discrepancy between

the measured coefficients of thermal expansion (CTE). The research by Kolb and

Rizzo [1979] showed that the linear coefficient of thermal expansion is 8.3 ∗ 10−6,

20.9 ∗ 10−6, and 248 ∗ 10−6 K−1 for the a-, b-, and c-axis, respectively. The mea-

surements by Sun et al. [2010] were found to be 10.4 ∗ 10−6, 9.8 ∗ 10−6, and 169 ∗

10−6 K−1 for the a-, b-, and c-axis, respectively. There is an unidentified poly-

morph found by Kolb and Rizzo [1979] in some of their specimens, which was

probably impurities in their TATB specimens. The data also obtained by Sun

et al. [2010] agrees well with data obtained by Yeager et al. [2016] which suggests

potential impurities were found in the specimens used by Kolb and Rizzo [1979].

In addition to the impurities, Yeager et al. [2016] suggests that there may be a dis-

crepancy due to the availability of precision measurement equipment during the

time that Kolb and Rizzo [1979] performed their measurements. For this research
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the CTE measurements made by Sun et al. [2010] will be considered.

Ratchet growth in PBX 9502 and pure TATB has been studied extensively.

Kolb and Rizzo [1979] identified and quantified ratchet growth in fully dense,

pure, and polymer-bound pressed TATB over a temperature range of 60 to 75 ◦C.

This research found that the permanent volume expansion was due to the combi-

nation of thermal cycling and relaxation of residual stress induced during press-

ing since the study also determined that there is no permanent volumetric ex-

pansion in a single TATB crystal. A second report issued under this same study

by Rizzo et al. [1981] identified that by using polymeric binders with a high Tg,

the permanent growth was either greatly hindered or eliminated provided that

the temperature range the HE was exposed to was less than the Tg of the binder.

These findings demonstrate that ratchet growth is caused by the crystal reori-

entation due to pressing induced residual stress of the crystals overcoming the

strength of the binder at high temperatures.

PBX 9502 is pressed at temperatures well above the Tg of the binder. When

the specimens cool after pressing the stressed state of the TATB crystals are “frozen”

into the specimen. As heat is applied to the specimen the binder loses strength

above the Tg temperature allowing the TATB crystals to relax and reorient them-

selves causing a permanent growth in volume that can increase further during

the next temperature cycle.

Gee et al. [2002] developed a ratchet growth model that accurately cap-

tures permanent meso-scale growth by accounting for both crystal reorientation

and crystal fracture, based on the data provided by both Cady and Larson [1965]

and Kolb and Rizzo [1979]. This model, supports the theory of the origins of

ratchet growth. To further understand the void structure changes induced by
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ratchet growth, Mulford and Romero [1998] thermally cycled specimens of PBX

9502 up to 216 °C and subsequently sectioned each specimen and viewed the

void structure with scanning electron microscopy (SEM). It was observed that

the overall void content increases and that the intra-granular voids were more

numerous and larger than the inter-granular voids. The authors attributed this to

the fact that the Kel-F 800 binder can flow into inter-granular voids, whereas the

intra-granular voids are unaccessible to the binder. However, due to the nature

of SEM the void behavior observed is only attributable to the voids visible at the

surface of the specimens.

Dallman and Wackerle [1993] examined the thermally induced changes in

density and mass of PBX 9502 and LX-17. LX-17 is a TATB based composition

similar to PBX 9502 that was developed by Lawrence Livermore National Labo-

ratory (LLNL). LX-17 consists of 92.5 wt% wet-aminated TATB, and 7.5 wt% Kel-F

800 binder. In their research, the cumulative weight loss as a function of heating

cycles was presented. For temperatures up to 250 °C the cumulative weight loss

is approximately 1% after 3 cycles. Next, the volume of these specimens was mea-

sured and bulk density derived. The measured trend of decreasing density with

heating agrees with other studies. Additionally, the researchers claim that void

percentage present in a specimens decreases as a function heating. This trend,

reportedly, is calculated based on linear and non-linear extrapolations of the cu-

mulative mass loss and bulk density measurements. As these extrapolations and

calculations are not shown in their research it is impossible to know exactly how

this trend was derived.

In a study by Zhang et al. [2013] the crystal geometry, quality, and pre-

ferred orientation, as it pertains to grain boundaries, were found to have an effect
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on limiting ratchet growth of TATB. In their study, they found that TATB recrys-

tallized into spheroids that have very low preferred crystal orientation tend to

exhibit substantially less ratchet growth when pressed into cylinders than tradi-

tionally crash precipitated TATB crystals (that tend to be graphitic in nature). The

authors also witnessed crystal fracture during heating of crash precipitated TATB

corroborating the findings by Gee et al. [2002].

In the studies of pure TATB by Mang and Hjelm [2013] and PBX 9502 by

Thompson et al. [2010] the direct measurement of void size was characterized

using SANS techniques as a function of pressing density and thermal cycling,

respectively. In the study by Mang and Hjelm [2013] they found that as press-

ing density increased from 1.645 – 1.720 g/cm3 the surface area of voids accessi-

ble by neutrons increased. This suggests brittle failure of the TATB crystals be-

cause as the TATB crystals crack and break more surface area is exposed. From

1.720 to 1.804 g/cm3 the void volume decreases sharply suggesting a transition to

ductile behavior closing off some of this exposed surface area. Thompson et al.

[2010] also conducted neutron scattering measurements, however the focus was

measuring the void morphology of thermally cycled specimens and comparing

these to specimens pressed to the same density. In this research it was found that

the thermally cycled specimens had voids smaller than those of the specimens

pressed to the same density.

In another study (Thompson et al. [2015]), it was shown that ratchet growth

effects in PBX 9502 are not only dependent on the number of thermal cycles, but

also on temperature achieved and duration of heating. In this study specimens

were heated to temperatures up to 153 °C and held at temperature for durations

up to 24 hours. The findings of this research showed that the irreversible expan-
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sion is highly influenced by soak time and temperature achieved in addition to

the number of thermal cycles that is the focus of other research studies. Implicitly,

the temperature is highly influential on the total permanent void growth due to

the larger thermal expansion of the materials at higher temperatures.

LX-17 void characteristics were also examined by Willey et al. [2010]. In

their study they used USAX, USANS, and x-ray computed tomography to exam-

ine void and crystal structure of LX-17 undergoing ratchet growth over a temper-

ature range of -54 °C to 76 °C. These results are very similar to those found by

Thompson et al. [2010], where the void structure shifts to an increased number of

voids that are smaller in size compared to specimens pressed to the same density.

The voids examined in this study ranged from 10 nm to 1 µm. In another study

by Willey et al. [2006] USAX was used to characterize the void size and distribu-

tion of ratchet grown PBX 9502, LX-17, and UFTATB, which is TATB with a mean

particle size of ~7 nm (Willey et al. [2006]), over a temperature range of -54 °C

to 74 °C. The voids examined were on the size range of 2 nm to 2 µm and were

found to increase in size and volume fraction with cyclical temperature loading.

When combined, the extensive research on the void morphology of TATB

based explosives shows clearly that temperature has a significant effect on the

void morphology of PBX 9502 and other TATB based explosives. This permanent

change in void structure could, according to hot spot theory, lead to increased

HE sensitivity. The thermally induced void morphology is driven by the highly

anisotropic CTE, low Tg binder, and crystal reorientation.
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1.2.2 Microstructural Characterization of PBX 9502

As previously discussed, the void morphology of PBX 9502 is heavily in-

fluenced by temperature. Therefore, it is imperative to properly characterize the

void morphology. There are several methods of characterizing void structure in-

cluding SEM, polarized light microscopy (PLM), and small-angle scattering tech-

niques. Results utilizing each of these methods are presented here and the chal-

lenges of each will be discussed to determine the most appropriate method to be

used in this thesis.

Skidmore et al. [1997] demonstrated that PLM could be used to examine

the crystal structure of various polycrystalline high explosives for unique identi-

fication. They also were able to view the void structure at the surface. Le Gallic

et al. [2004] also employed PLM to examine the crystal structure of T2, which

is 97 % TATB (unspecified precipitation method) and 3% unspecified polymeric

binder. In their paper the authors imaged the crystal structure and porosity on

the surface of the TATB crystals prior to and after heating to various tempera-

tures. In their research the inter-crystalline voids disappear or become smaller

and the intra-crystalline voids become larger and more numerous. The authors

attribute this to binder flow. These results only account for the crystal behav-

ior and binder flow at the viewing surface and do not observe crystal behavior

within the sample.

PLM techniques allow researchers to image surfaces of explosives read-

ily, however, only the outer surface can be examined. This does not allow for

characterization of the void structure throughout the specimen. Additionally, the

small pores on the surface of the TATB crystal are still visible after preparation,
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however, it is uncertain how much the surface preparation influences the smaller

inter-granular void structure. The overall void structure comprising of both inter-

and intra-granular voids is the important property that needs to be characterized

for its relevance to detonation initiation, therefore maintaining surface integrity

is important to characterize inter-granular voids.

Similar to PLM techniques, scanning electron microscopes (SEM) allow

researchers to examine the surface of HE crystals. The advantage of SEM over

PLM is that it allows researchers to examine a specimen with finer detail due to

the higher magnification available with SEM. Phillips et al. [2000] employed SEM

techniques to observe the heating effects on dry aminated TATB crystals. In their

paper they note the surface healing that TATB undergoes during annealing. This

is indicated by the fact that the number of visible voids at the surface decrease

in their sample. Mulford and Romero [1998] utilized SEM as well to examine the

void content of thermally cycled PBX 9502. In their research the authors were

able to distinguish between inter- and intra-granular voids and determine the

percentage of each that contribute to the entire void content in the plane visible

to SEM.

Small-angle scattering techniques such as USANS, SANS, and SAXS are

relatively new to the field of high explosives research. These scattering tech-

niques penetrate specimens with monochromatic collimated beams of neutrons

or x-rays. Upon interaction with the specimen material these nuclear particles

scatter and their scattering vector is measured. The integration of scattering vec-

tors allows for the void characterization of a specimen. Small-angle scattering

techniques have been employed frequently to characterize the effects of temper-

ature and manufacturing processes as noted in the above sections. These tech-
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niques have proven useful in accurately characterizing the microstructure of a

representative volume of a specimen as opposed to just the surface that is visible

with optical techniques. It is important to note that the papers mentioned in pre-

vious sections regarding the use of small-angle scattering techniques are all lim-

ited to pre- and post-heating of specimens. Willey et al. [2008] employed USAXS

techniques to examine the void morphology of LX-17 and UFTATB while heated

up to a maximum of 70 °C during thermal cycling for in-situ ratchet growth stud-

ies.

To date the data published by Willey et al. [2008] is the only in-situ heated

scattering data available. The maximum temperature achieved in this study is

well below the temperature of concern in this thesis. Therefore, high-temperature

SANS measurements will need to be taken in order to fill the gaps required for

this thesis. Additionally, there is no scattering data of TATB based explosives

manufactured with a low density. These data will need to be acquired as well.

1.2.3 Sensitivity to Detonation Initiation

The quantified sensitivity of an explosive to shock is required information

for both safety and engineered performance. Typically, sensitivity of an explosive

to shock insult is reported in what is called a Pop-plot. The Pop-plot, devised by

Ramsay and Popolato [1965], reports the run distance of a shock wave of a given

pressure that achieves detonation in the explosive in question. Figure 1.2 is the

collective Pop-plot data of PBX 9502 with the temperature ranging -55 °C to 250

°C.

The shock sensitivity of TATB based explosives have been studied exten-
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Figure 1.2: Pop-plot data of PBX 9502 varying with temperature from Dallman
and Wackerle [1993]; Urtiew and Tarver [2005].

sively. Shock sensitivity data of TATB based HEs prior to 1995 are cited by Do-

bratz [1995], some of which note sensitivity increases of TATB at higher temper-

atures. One of the first papers that thouroughly documents the increased sen-

sitivity of PBX 9502 and LX-17 due to heating to temperatures relevant to this

study is published by Dallman and Wackerle [1993]. They report the results from

wedge tests on ambient, in-situ heated, and thermally cycled PBX 9502 and LX-

17. For thermally cycled experiments the specimens were heated to 250 °C and

cooled to room temperature once. These findings demonstrate that TATB sensi-

tivity changes proportionally to the maximum temperature reached. They con-

clude that increased void space due to heating could contribute to the increased

sensitivity. This conclusion is also supported by ratchet growth studies and hot

spot theory.

Other work that demonstrates an increase in sensitivity of PBX 9502 after

heating is reported by Rae et al. [2014]. In their research the small gap test is mod-

14



ified to accommodate testing high-temperature specimens of PBX 9502 without

degrading the donor charge, PBX 9501, due to excessive heating. The PBX 9502

receptor charges were constrained radially in this experiment and allowed to ex-

pand axially in the pressing direction similar to the set up of the experiments

planned in this thesis. In their research a brass gap of <1 mm is required to hin-

der detonation in ambient PBX 9502, whereas at 260 °C the brass gap must be

5.5 mm in order to prevent detonation initiation. This is presumably due to the

increased void space witnessed during thermal insult. Since the PBX 9502 in this

study was found to increase in sensitivity quite substantially it is likely that the

radial constraint of this experiment had a negligible effect on the sensitivity of

PBX 9502. This claim will be investigated as a part of this thesis.

In a paper by Urtiew and Tarver [2005], evenly distributed and spatially

fixed Manganin gauges were used to observe the pressure history of shock load-

ing of LX-17 at ambient conditions and heated to 250 °C. The local pressure

recorded by embedded Manganin gauges provide evidence of the build up of

reaction due to shock loading that increases in velocity and eventually catches

up to the shock front transitioning the deflagration to a detonation. This research

also included experimental data of heavily constrained LX-17 charges heated to

250 °C. The heavy steel constraint suppressed the expansion of the TATB crystals,

and limited the growth of voids. The constrained test yielded a run to detonation

distance similar to what would be expected in an unconstrained charge heated

to approximately 100 °C, which is much longer than that of unconstrained PBX

9502 at the same temperature (250 °C). This observation supports hot spot theory

by showing that the larger void volume in the unconstrained LX-17 contributes

more energy to the build to detonation than the smaller void volume in the con-
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strained LX-17 at the same temperature and shock pressure.

1.2.4 Hot Spot Theory of Initiation

Hot spot initiation of explosives, originally proposed and studied by Bow-

den and Yoffe [1985], has been throughly examined and is largely the accepted

mechanism by which heterogeneous explosives, such as condensed polycrys-

talline HEs, detonate. Hot spot theory identifies localized heating as the mecha-

nism that induces detonation in polycrystalline HEs and identifies the avenues

by which mechanical energy from shock and impact cause localized heating,

namely, void collapse, visco-plastic heating, shock heating of impurities, and

inter-crystalline friction. These localized heating mechanisms are required as the

bulk heating of the specimen due to any reasonable shock loading is insufficient

to initiate detonation alone. Once these local heating mechanisms are initiated

by a sufficiently strong shock wave, localized heating increases at a rate much

greater than that of heat dissipation to the bulk material, causing deflagration to

propagate. Assuming the deflagration intensity builds, a transition to detonation

will eventually occur. The scope of this thesis pertains only to the effects of voids,

therefore, only void collapse mechanisms will be examined here.

Bourne and Field [1999] gives a detailed and concise review of relevant

literature to void collapse in inert and energetic materials as well as experimen-

tal data that visually demonstrates the process of void collapse by showing the

collapse of a spherical void across the cross sectional area of a sphere. A diagram

of this is shown in Figure 1.3. The collapse of a spherical cavity by an incident

shock wave causes a convergent jet of material, similar to that of an explosively
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formed projectile or shaped charge, to cross the cavity at a speed faster than the

incident shock wave (i). This jet impacts the opposite wall of the cavity and in-

duces a reaction at the impact site. Further collapse of the void compresses two

toroidal gas pockets adjacent to the main reaction site (ii). As the temperature in

those pockets rise, secondary reactions break out to either side of the impact site,

thus supporting the main reaction size.

Figure 1.3: Diagram of the void collapse mechanism described by Bourne and
Field [1999]. Used with permission.

The voids in PBX 9502 being examined in this thesis and the effect tem-

perature has on the morphology of these voids as well as the correlation between

the void morphology and increased sensitivity due to thermal insult observed

in PBX 9502 is the impetus for this thesis. This void collapse model provided by

Bourne and Field [1999] aptly describes and depicts the void collapse process that

is central to how voids become hot spots. One goal of this thesis is to determine if

current assumptions, namely adiabatic void collapse only, is enough for accurate

modeling in abnormal void structures or if other parts of the process depicted in

Figure 1.3 need to be studied and used in modeling.
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1.2.5 Predictive Modeling of Detonation Initiation

As demonstrated in the previous sections, the the void structure of PBX

9502 is altered during thermal insult. At the same time, the sensitivity of PBX

9502 to shock impulse loading increases with temperature. Hot spot theory links

the void morphology to the shown increase in sensitivity of condensed polycrys-

talline heterogeneous high explosives due to heating. The detonation initiation

process is not fully understood and nor is modeling computationally effective for

models with the sub nanometer unit cells required to reproduce void collapse

phenomena in a full-scale charge. In order to achieve a computationally effec-

tive model, the micro-scale physics need to be captured and statistically averaged

over a unit cell large enough that a full scale model can be processed by a modern

supercomputer while producing results that match reality.

The progression of modeling the micro-scale physics of hot spot theory

has mirrored the experimental research. Lee and Tarver [1980] introduced the

first full physics one-dimensional ignition and growth detonation model. In their

paper they outline the experimental and theoretical model progression up to that

point. Additionally, they accurately predict the run to detonation distance in

various explosives including TATB. Since the development of that model there

have been several evolutions of these types of models. Many of these have been

summarized by Menikoff and Shaw [2010]. In another paper, Shaw and Menikoff

[2010], present their ignition and growth based model known as the Scaled Unified

Reactive Front (SURF) model. The SURF model takes into account the statistical

distribution of heterogeneities, i.e. voids and imperfections, at a given state and

utilizes the shock pressure to determine the number of those homogeneities that

form burn centers, or hot spots. From there, they use a shock pressure dependent
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deflagration rate and wavelet interaction framework to predict the transition to

detonation.

This statistical distribution of hot spot nucleation as a function of shock

pressure is the key feature of SURF that is different from other reactive burn mod-

els. Like all reactive burn models, SURF still needs to be calibrated to experimen-

tal shock and detonation measurements relevant to the species and initial con-

ditions of the HE being examined. Recently Perry et al. [2018b] demonstrated a

path forward to introduce physically measured microstructure data of PBX 9502

via USANS as well as chemical rate kinetics that dictate the deflagration rate

based on physical properties and measured burn rates of PBX 9502 called phys-

ically informed SURF (π-SURF). From this, Pop-plot data can be produced from

simulations. This process was taken further by Perry et al. [2018a] in which PBX

9502 with a perturbed microstructure containing enlarged voids was modeled

with π-SURF and compared to physical data with accurate results.

The application of π-SURF with the data obtained in the first part of this

thesis is the focus of the modeling portion of this thesis. The measurements

made at ambient, high-temperature, and low-density conditions of PBX 9502 void

structure will be used in conjunction with π − SURF and the results will be ex-

amined for the fidelity to reality.

1.3 Summary and Thesis Goals

It is demonstrated through analysis of published research that PBX 9502

undergoes microstructural changes induced by thermal insult. This includes re-

search on ratchet growth and small-angle scattering that has quantified the void
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size distribution over limited temperature ranges. Also demonstrated through

experimentation is the correlation between heated PBX 9502 having a higher sen-

sitivity to shock insult than as-manufactured PBX 9502 at nominal (1.895 g/cm3)

density. Additionally, reactive burn models have been developed in an attempt to

statistically average the micro-scale physics that occur during hot spot initiation

over a meso-scale unit cell in order to predict explosive response to shock stimuli.

All reactive burn models require calibration, meaning material properties need to

be adjusted to match known shock measurements of the HE in question. The im-

plication of this is that when there is a major change to the shock response of an

HE, i.e. thermally induced sensitivity change, the model needs to be re-calibrated

to match the known response of an HE.

A theory that incorporates the microstructure of PBX 9502, amongst other

properties, into the reactive burn model, SURF, has been developed by Perry et al.

[2018b]. Furthermore, this theory has been demonstrated to account for varia-

tions in microstructure and yield results that match known shock data without

prior calibration (Perry et al. [2018a]). It is the goal of this research to further ap-

ply this technique to high-temperature applications of PBX 9502. In order to do

so, the following steps are presented in this thesis:

1. Acquire high-temperature and low-density SDT data.

• Using a single stage gas gun projectiles are fired at PBX 9502 speci-

mens at the same temperatures used by Clements et al. [2018] (250 ◦C)

and the run to detonation distance is measured for various pressures.

These results will be compared to those of unconstrained PBX 9502 at

250 ◦C undergoing wedge tests as published by Dallman and Wackerle

[1993].
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• Using the same single stage gas gun run distance data are obtained for

low-density (1.700 g/cm3) PBX 9502 as no Pop-plot data exists for low

density PBX 9502 in the literature. These data are necessary to remove

potential high-temperature chemical kinetics from possibly influenc-

ing sensitivity.

2. SANS data are obtained in order to characterize the microstructure of high-

temperature and low-density PBX 9502. Multiple models describing the

microstructure are considered.

3. Data acquired in this thesis and the literature will be used for SURF calibra-

tion using the conventional method and subsequently used for comparison

with the π -SURF method applied to SANS data.

• Gas gun data obtained in this thesis will be used to calibrate PBX 9502

of nominal density at 250 ◦C and at a density 1.700 g/cm3 while at am-

bient temperature.

• The π -SURF method developed by Perry et al. [2018b] is applied to

SANS data obtained in this thesis.

• SURF constants derived from the different calibration methods are ex-

amined.
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CHAPTER 2

SHOCK RESPONSE OF HOT AND LOW-DENSITY PBX 9502

2.1 Introduction

The shock response of HE in abnormal thermal environments, such as a

fuel fire, is important when considering the design of safety controls and emer-

gency response procedures. In order to accurately predict the response of PBX

9502 in a high-temperature environment it needs to be characterized at high tem-

perature so a parameter space can be determined for which hydrocode models,

such as SURF (Shaw and Menikoff [2010]), can be calibrated. Most explosive

charges used are not bare unconstrained charges that are free to expand in any

direction when heated. The Pop-plot data available in the literature of PBX 9502

at the relevant temperature regime consists of unconstrained PBX 9502. The ex-

periment executed herein is aimed at collecting high-temperature 1D SDT data

of PBX 9502 that is radially constrained, but effectively unconstrained axially

(~6 psi) in order to examine the shock response of moderately constrained PBX

9502 in comparison to unconstrained PBX 9502.

The temperature at which PBX 9502 will be tested is 250 ◦C since this is

probably the worst case scenario in terms of SDT response (at temperatures above
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~250 ◦C large charges of PBX 9502 are known to self-ignite rapidly). Each test is

designed in an attempt to collect particle velocities of the breakout surface of

a specimen of PBX 9502 that is not yet reacting, a specimen that demonstrates

building reaction, and one undergoing detonation at a given pressure. This al-

lows for both the calibration of SURF to high-temperature data and obtaining

unreacted Hugoniot data. A secondary objective of this test series is to capture

the same SDT data for low-density (1.70 g/cm3) PBX 9502. This aim arises from

the theory of hot spot initiation (Bowden and Yoffe [1985]) where it is presumed

that adiabatic void collapse and jetting are the primary initiation mechanisms

for SDT. It is known that high-temperature environments decrease the material

density and increase the size of voids that act as potential hot spots in PBX 9502.

Pressing to low density offers a way of mechanically creating extra void space

without altering thermal chemical kinetics, however the void size distribution

is expected to be different from that of high-temperature material. This change

has not been previously quantified and the effects on sensitivity are therefore un-

known.

2.2 Experimental Setup

2.2.1 Target Design

This experiment is known as a multi-channel cutback test (MCCT). This ex-

perimental configuration is designed to measure the particle velocity of an explo-

sive at a specific shock pressure at varying specimen thicknesses. The diagnostic

is surface velocimetry (in this case photonic Doppler velocimetry (PDV)). Since

PDV can only measure a surface velocity, the specimens are cut to varying thick-
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ness to measure the particle velocity at increasing distances from the impact sur-

face, hence the “cutback” nomenclature. Multiple specimens are needed to infer

the run to detonation distance. Each specimen assembly measured is termed a

“channel”. A diagram of the experimental configuration is shown in Figure 2.1.

(a) Top View (b) Section View

Figure 2.1: Multi-Channel Cut Back Test Assembly

As shown in Figure 2.1(a) there are 3 channels available per test as indi-

cated by the brass compression plugs. Each channel is made up of a PBX 9502

specimen, an aluminum surfaced LiF window, a compression spring, an attenu-

ating sleeve, and a brass compression plug. A diagram of this layout is shown

in Figure 2.1(b). The spring used in this assembly was intended to keep the LiF

window firmly in contact with the HE. The spring constant is 43 lbs/in and the av-

erage compression on the specimens was 6.8 ± 3.4 psi. Other experiments (Rae

et al. [2018]) have shown that for pressures up to 60 psi there is very little influ-

ence on the observed thermal expansion over unconstrained material. A critical

measurement that needs to be made, aside from the specimen breakout veloc-

ity, is the planarity of impact to ensure a 1D wave profile in the specimen. This

is measured using three extra PDV probes as time of arrival gauges. These alu-

24



minum free-surface PDV measurements will be used to measure any tilt in the

input shock and therefore validate a 1D planar shock state. The dashed circle

that encompasses these free-surface and specimen wells depicts the diameter of

the projectile in relation to the MCCT experimental assembly.

In order for these experiments to be useful, a 1D state in the specimen

must be maintained throughout the duration of the experiment. Side releases

can cause a 1D shock to become a 2D shock. The design of this experiment was

validated using a 2D hydrocode model in CTH, which is a finite difference hy-

drodynamic simulation code developed by Sandia National Laboratory. Figure

2.2 shows the pressure profile inside the MCCT test assembly in steps from im-

pact to shock transit through the PBX 9502 specimen. In this model an aluminum

projectile generates a 3 GPa (3× 1010 dyne/cm2) shock condition in the PBX 9502.

This is a lower pressure condition than anticipated within the experimental series

giving a worst case scenario in terms of shock dissipation dissolving the 1D state

within the specimen at the time of measurement. The PBX 9502 specimens in this

model have a diameter of 25.4 mm and are 12.7 mm tall, the longest run length

anticipated. At the final time-step the shock profile at the edges of the specimen

are curved; however, the majority of the center of the specimen is still under 1D

plane strain. Also, the reflected wave approaching the center of the specimen

from the cylinder wall of the specimen are still far enough away that perturba-

tion of the lead shock will not occur before breakout of the shock or reaction wave

at the rear surface of the specimen. The duration of this maintained 1D state is

attributable to the addition of the low-impedance sleeve that is between the side

of the specimen and the aluminum container, not the impact surface. Simulations

show that this sleeve, made of PEEK, slows the release wave enough that a 1D
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state is maintained in the longest 12.7 mm specimens at a lower shock pressure

than needed for the experimental series.

(a) t=0.0µs (b) t=1.5µs

(c) t=3.1µs (d) t=4.5µs

Figure 2.2: CTH model to validate the geometry of the MCCT test assembly. Half-
symmetry shown.

2.2.2 Gun and Projectile

The gun used in this experiment is a 72 mm single-stage gas gun is equipped

with what is known as a wrap-around style breech which the projectile acts as the
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valve. The projectile is held in the breech by a vacuum fore and aft. The sides of

the projectile act as a seal against the high-pressure side ports. To fire the gun,

the vacuum aft of the projectile is instead filled with a small positive gas pressure

causing the projectile to start to slide toward the barrel. This forward movement

results in the back of the projectile sliding past the side ports so that the gas in the

main pressure reservoir accelerates the projectile down the barrel to the desired

velocity. This gun is located at LANL and is run by the M-9, shock and detonation

physics group (Vorthman [1982]).

The projectile designs used in these experiments varied on a case-by-case

basis to reach the prescribed pressure for each experiment. The impact face of

each projectile was at least 10 mm thick with the exception of the tantalum pro-

jectile which was 3.2 mm. These thicknesses were all designed to give a pressure

plateau duration of at least 1 µs.

The velocity of the projectile prior to impact was measured using equally

spaced laser diodes that measure the time of flight across a known distance.

These work by shining a laser into a photo diode across the projectile path. As the

projectile crosses the laser the photo diode voltage drops, which is picked up on a

high-speed oscilloscope. This sharp drop in voltage measured by the photo diode

provides an accurate timing fiducial. All diagnostics concerning shock measure-

ments were timed from the first photo diode crossing.

Figures 2.3(a) shows the MCCT assembly mounted at the end of the gun in

the catch tank. The large plate the MCCT assembly is mounted to is for alignment

of the assembly to the gun. A camera in the breech of the gun is used to ensure

perpendicularity of the target assembly to the axis of the barrel. Manipulation

of the target plane position is done by loosening and tightening any of the three
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screws holding the plate to the end of the barrel. Figure 2.3(b) shows a diagram

of the single stage gas gun. Figure 2.3(c) shows the breech and barrel and Figure

2.3(d) shows the target chamber and catch tank.

(a) MCCT assembly mounted in
target chamber

(b) Diagram of single stage gas gun

(c) Breech and barrel (d) Target chamber and catch tank

Figure 2.3: MCCT assembly and single stage gas gun. Images in (b), (c), and (d)
are courtesy of John Lang (M-9).

2.2.3 Diagnostics

Photonic Doppler Velocimetry This experiment utilized PDV to measure an in-

terface velocity. PDV measures velocity by focusing a known frequency of laser
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light at the surface being interrogated and examining the Doppler shift of the

return light. The Doppler-shift measured translates to a particle velocity. The

particular system used in this experiment was a homodyne system that mixes

1550 nm light of the reference signal with the Doppler-shifted signal from the in-

terface being interrogated. The laser light is directed to the experiment and back

to the detector through fiber optics. At the experiment end of the fiber optic path

lenses are used to focus the light on the experimental surface. In this experiment

the lens assemblies, called probes, had a focal length of 120 mm. These probes

were fixed inside one end of six inch long stainless steel tubes and focused down

the tube during assembly using a 1 mW 1550 nm laser to ensure the focal point

was pointed down the middle of the tube. The probes were held into place with

high-temperature epoxy in order to prevent the probes from moving during the

heating of the experiment. These tubes allowed the probe to be stood off from

the high-temperature experiment without becoming too hot and failing during

heating. An analysis of these signals will be presented in the Section 2.3.

Optical Backscatter Reflectometry Measuring shock planarity is critical in 1D

experiments. If an incident shock wave is tilted the 1D experiment becomes a 2D

experiment. In this experimental set up the shock planarity is being measured

by 3 PDV probes that capture the time of arrival of the incident shock wave. In

theory this should be the same time for all the probes, however errors in projectile

tilt, material thicknesses, and PDV fiber lengths will cause the apparent time of

arrival to be different than the actual time of arrival. The material thicknesses will

be accounted for by using a high-precision depth gauge and calipers. The device

used to accurately measure the distance of the fiber optic path of the PDV system
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was a Luna 4600. This instrument is capable of detecting reflection locations in

fiber optic systems with a spatial resolution of 10 µ m over the distance covered

by this experiment. The timing for the SMF-28 fibers used is approximately 5 ns/m

and so an accurate total length is required if jump-off times are to be known

sufficiently accurately to be useful, given fiber length variations. By knowing

the optical path of each channel being used as well as the material thicknesses of

the experimental housing cross-timing is possible. Once the experiment is fully

cross-timed the projectile tilt and thus the angle of the incident shock wave is

known. This measurement is crucial in 1D experiments. The critical values for

the incident shock angle will be presented in Section 2.3.

2.2.4 Thermal System

The power to the heater was controlled using a variable transistor. The

unit used was a Stayco Energy Products Type 3PN1010. This unit is takes an

input voltage of 120 V and has an amperage rating of 10 A at voltages between 0-

140 V AC. The heater controlled by the transistor was a mica band heater made by

Cybernetics that was clamped around the MCCT assembly housing. The heater

used an input voltage of 110 AC and is capable of powers up to 1000 Watts. The

data acquisition equipment used to monitor and record the temperature was a

National Instruments cDAQ-9188 compact data acquisition chassis with a NI-

9214 thermocouple module. This module is capable of recording up to 16 ther-

mocouples. For this set of experiments K-type thermocouples from East Coast

Sensors were used (Part No. TF1-KDWGA080J). In order to verify that the spec-

imens are able to reach thermal equilibrium at the desired temperature an inert
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assembly was set up and heated with extra thermocouples in each of the speci-

men and PDV holes. The thermocouple layout is shown in Figure 2.4.

Figure 2.4: MCCT thermocouple layout.

Thermocouples 0-2 are located near the edge of the cylinder and approx-

imately 1/2 in deep. These are the same bolt on thermocouples as used in the

experiments (Part No. TF1-KDWGA080J). The thermal profile shown in Figure

2.5 indicates that these thermocouples have a slight overshoot of approximately 5

degrees during the thermal profile test. Thermocouples 3-8 were rod thermocou-

ples ( Omega Engineering Part No. KMQSS-062U-6) inserted into the specimen

and PDV holes to the bottom surface. These thermocouples were not present in

the actual experiments as they are in the optical path of the PDV probes. How-

ever, these thermocouples show that despite the overshoot of thermocouples 0-2

there is no effect on the specimen wells (thermocouples 3-5). Additionally the

thermocouples in the specimen wells and the PDV holes (6-8) show great unifor-

mity indicating that the control and monitor thermocouples (0-2) are only needed

in the actual experiment. It was determined that the aluminum body took 11 min-
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utes to reach steady-state temperature.

Figure 2.5: MCCT thermal profile.

2.3 Results and Discussion

In this experiment, high-temperature and low-density PBX 9502 particle

velocity measurements were obtained at varying run distances into PBX 9502 for

several input pressures. Since this was a new experimental geometry a verifi-

cation shot was performed using PBX 9501, which is a well characterized HMX

based HE, in order to verify that the design produces valid SDT data. Pop-plot

data are very well documented for PBX 9501 and therefore the SDT distance at a

given pressure known accurately. These verification and new experimental PBX

9502 data are presented in the following sections.
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2.3.1 PBX 9501 Verification Test

The verification shot was performed to ensure that the measurement method

was producing the expected results. The thicknesses used in this experiment are

shown in Table 2.1. Each specimen was measured using micrometer with a pre-

cision of ± 6.35 × 10−3 mm.

Table 2.1: PBX 9501 verification shot specimen thicknesses.
Ch 1 (mm) Ch 2 (mm) Ch 3(mm)

4.762 6.337 9.512

PDV Analysis PDV was used to examine the particle velocity of three free-

surface references at approximately the same location as the front surface of the

HE specimens. This did two things, firstly it confirmed the impact tilt imparted

by the projectile, an important factor in assuring 1D calculations, and it allows

the unreacted shock velocity in the specimen from the two jump-off times and

specimen thicknesses to be calculated, an important measurement that allows the

unreacted Hugoniot to be calculated. Additionally, the breakout surface between

the HE specimens and the LiF window was measured at a known run distance.

The software used in this PDV analysis is called ’Analyze Data’ and is a java

based program designed at LANL by Steve Pemberton.

An example of a typical PDV record is shown in Figure 2.6. The figure

shows a region between cursors, the vertical dashed lines, where the amplitude

and frequency is increased due to surface motion.

Next, the region between the cursors is isolated and a Fourier transform

is done by Analyze Data. This is shown in Figure 2.7. As shown, a mask, called
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Figure 2.6: An example of raw PDV data.

a region of interest (ROI), is created by the user to isolate the region with the

frequency that corresponds to a given velocity at each time step. The Analyze

Data software then uses an algorithm to find the peak within the ROI. The peak

at each time step is recorded as the velocity/time PDV trace.

Due to the refractive index of LiF, the apparent particle velocity measured

by PDV is slightly higher than the actual velocity. In order to use these data in

hydrocode modeling a velocity correction will need to be applied as described by

Jensen et al. [2007]. This is done by looking up the correction factor, which is a

constant, shown in Table III in Jensen et al. [2007] (1.2669 for LiF at 1550 nm) and

simply multiplying the velocity by the correction factor it to the velocity trace

from Analyze Data.

Timing Correction Prior to plotting the time traces some timing corrections

need to be made. Timing discrepancies arise in this experimental design from
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Figure 2.7: Example PDV spectrogram.

the inherently varied lengths of fibers due to manufacturing and the tolerances

of machining the free-surface and specimen pockets. First, the fiber lengths were

all measured prior to executing the experiment using the Luna 4600 described

previously. Shown in Figure 2.8 is a representative scan of an optical fiber from

the Luna connection to the probe.

The fiducial used to measure the PDV fiber length is indicated by the yel-

low vertical line in Figure 2.8 (a). This line corresponds to the output connection

of the Polatis fiber optic switch. It was chosen as there is slight variation in fiber

lengths for each channel downstream of this point. The peak being measured by

the vertical pink line is the probe used for the PDV measurement. Figure 2.8 (b)

is the same trace shown in Figure 2.8 (a) zoomed in on the probe end. There are

3 peaks visible in both the blue and the red trace. First, consider only the blue

trace. The first peak is the fiber optic probe used to make the PDV measurement.

The second peak is the reflective surface of the aluminum coating on the LiF win-
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(a) Scan of full fiber length.

(b) Probe location comparison.

Figure 2.8: Example fiber optic measurement from Luna 4600.

dow. This peak was used as the reference point to account for the total distance

of the optical path. This gap between the probe and the aluminum surface is a

small fraction of the overall length (approximately 120 mm of a 40+ m system)

and is a combination of LiF and vacuum. Therefore, the speed of light difference

between the LiF-vacuum flight path and the fiber is small and assumed to be the

same as the fiber optic since the time of flight of light over this ~140 mm distance

is much smaller than the timing difference between fiber lengths. The third peak

is a reflection of the probe in the aluminum surface and is ignored. The red trace

shown in Figure 2.8 (b) is a different specimen channel to demonstrate the dif-

ference between individual channels caused by the differences in specimens and

fibers used.
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In addition to corrections due to optical path distances, corrections need

to be made for the slight differences in depth of each pocket machined in each ex-

perimental block. The depth of each pocket was measured using a digital depth

gauge with a precision of 1 µm and using the average free-surface particle ve-

locity, a time correction is made to account for any extra aluminum the shock

wave must travel through to reach each specimen surface. To do this the parti-

cle speed in the aluminum specimen holder resulting from the projectile impact

is converted to a shock speed using the standard shock Hugoniot relationship

U = C0 + Sup, where C0 is the bulk sound speed S is the slope intercept of the

particle and shock velocity relationship, and up is the measured particle speed.

The shock properties of aluminum are shown in Table 2.2. This velocity com-

bined with the known extra thickness of material for each pocket shallower than

the deepest pocket yields the extra transit time for each channel and free-surface

probe. This time is subtracted from the perceived arrival time by the PDV mea-

surement in addition to any transit time variation due to the fiber optic path as-

sociated with each fiber. This correction was performed for each PDV trace in the

series. The internal transit time difference between different PDV channels was

negligible with a maximum discrepancy of 3 ns.

Table 2.2: Shock Hugoniot parameters for materials used. PBX 9502 parameters
are from tabulated tables provided by Rick Gustavsen and are not shown here.

Material ρ0 (g/cm3) C0 (km/s) S Source
Aluminum 2.70 5.35 1.34 Meyers [1994]

Copper 8.93 3.94 1.49 Meyers [1994]
Sapphire 3.985 8.828 0.927 Gustavsen 2019 Personal Communication
Tantilum 16.680 5.35 1.34 Gustavsen 2019 Personal Communication
PBX 9501 2.30 5.35 1.34 Marsh [1980]

The velocity traces for the PBX 9501 calibration shot are shown in Figure
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2.9. The three free-surface velocity traces show up at approximately the same

time with an average free-surface velocity of 775.1 m/s. In this specific shot the

PDV trace of specimen 1 was not obtained for unknown reasons. However, re-

sults for specimens 2 and 3 are shown.

Figure 2.9: PDV traces for PBX 9501 calibration shot.

Finally, the projectile tilt can be determined from the free-surface velocity

data. The timing difference across all three jump-off probes after all the correc-

tions are applied is 10.7 ns. Using the linear pocket to pocket distance of 44.0 mm,

the shock velocity, timing differential, and trigonometric relationships yields a tilt

of 2.28 mrad. This value is typical of what can practically be achieved in a gun

system such as the one used for this experiment.
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Shock Analysis The goal of this experiment is to infer Pop-pot points for HE. In

order to do this two parameters are needed, first the pressure of the shock wave

imparted into the HE, and secondly, the inferred run distance to detonation of

the HE. The shock pressure was not measured directly in this experiment as the

geometry and high-temperature of this experiment did not allow for a pressure

gauge to be implemented. However, the shock pressure can be calculated from

both the measured projectile velocity and the free-surface velocity measured by

PDV. Both methods will be performed and compared to ensure reasonableness.

The shock pressure calculated from the projectile velocity was done by

using the standard pressure - particle velocity (P− up) Hugoniot relationship,

P = ρc0(u0 − u) + ρs(u0 − u)2 (2.1)

where ρ is the material density, u0 is the initial velocity, and u is the particle

velocity. Since the pressure in both the projectile (subscript p) and the target

(subscript t) must be equal the following relationship can be made

Pp = Pt ⇒ ρpc0p(u0p − u) + ρpsp(u0p − u)2 = −ρtc0t(u)− ρtst(−u)2 (2.2)

Because the target has no velocity at impact the initial velocity term drops

out for the target. Since all material parameters are known (ref. Table 2.2) and the

projectile velocity is measured the particle velocity, u, can be calculated. Once the

particle velocity is known Equation 2.2 can be used again to solve for the particle

velocity after the shock interaction at the interface of the aluminum experiment

housing and the HE using the particle velocity after the projectile-housing inter-

face as u0. Once u is determined for the housing-HE interface this value can be
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inserted into Equation 2.1 where u0 = 0 and the pressure of the shock impulse on

the HE specimen is then known.

When the shock pressure is calculated from the particle velocity measured

by PDV the measured particle velocity is used in Equation 2.2 for the initial ve-

locity, u0 to solve for u. Once u is known it can be substituted into Equation 2.1

to determine the shock pressure imparted on the HE.

The shock pressures calculated from each method are shown in Table 2.3.

It is also important to point out that the impactor and target were both made of

aluminum in this specific test, and therefore, the particle velocity in the target

is 1/2 of the projectile velocity. Furthermore, the free-surface velocity of the tar-

get is twice the particle velocity and so in this example the expected free-surface

velocity is equal to the projectile velocity. Generally this is not the case since a

variety of materials were used for the projectile. Pressure error is derived from

the pressure range produced by the error bounds on the velocity measurements.

Projectile velocity error is from the tolerance on diode spacing. PDV measured

velocity error is described by Dolan [2010].

Table 2.3: PBX 9501 verification shot velocity measurements and derived pres-
sure. Uncertainties are the same throughout this chapter.

Velocity Source Velocity m/s Pressure (GPa)
Projectile 791 ± 2 3.75 ± 0.01

Free-Surface PDV 775± 10 3.60± 0.11

The free-surface velocity measured by PDV is slower than that of the free-

surface velocity inferred by the projectile velocity. This is likely due to the free-

surface velocity being potentially obscured by the high-velocity ejecta moving

soon after the initial shock wave and material strength effects that reduce the free-

surface velocity to less than Up/2 (Forbes [2012]). Given these errors are inherently
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present when using a direct measurement of the free-surface this measurement

skews the pressure calculation to a lower pressure than actually occurred in the

experiment. For this reason only the pressure inferred from the projectile velocity

will be considered.

The run distance is inferred by examination of the PDV traces for each

specimen channel. Referring back to Figure 2.9 the velocity trace for specimen

2 shows a building reaction. This is indicated by the acceleration in particle ve-

locity after breakout showing that there is some chemical energy being released

behind the shock wave. Examining the velocity trace for specimen 3 shows a full

detonation. This is indicated by the very high particle velocity associated with

detonation followed by the lower particle speed of the following flow behind the

sonic plane. Given the full detonation observed in the thickest specimen the run

distance is estimated to be 7.95 ±1.55 mm, the average of the difference in spec-

imen thickness. A method of making a better estimate is used in a subsequent

chapter.

Figure 2.10 shows the estimated Pop-plot point from the validation test in

relation to the PBX 9501 Pop-plot curve defined by Gibbs [1980]. The verification

test pressure derived by both the projectile velocity and the free-surface velocity

are shown. Both of the points are in good agreement with the reference Pop-

plot curve indicating that this experimental geometry is valid. These data points

indeed suggest that the velocity derived from the projectile velocity are more

accurate and should be used for calculating pressure going forward despite that

both data points are within experimental error.
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Figure 2.10: Pop-Plot point for PBX 9501 verification test.

2.3.2 High-Temperature PBX 9502

In this set of experiments four tests were executed on PBX 9502 at elevated

temperature. This first test, H-1, consisted of specimens of the thicknesses speci-

fied in Table 2.4. The projectile used in this experiment was made of copper and

had a measured velocity of 700 ± 2 m/s. Given these conditions, the shock pres-

sure seen by the PBX 9502 was 3.93 GPa. The results of this experiment are shown

in Figure 2.11.

Table 2.4: Test H-1 specimen thicknesses.
Ch 1 (mm) Ch 2 (mm) Ch 3(mm)

4.788 6.350 7.938

All of the specimens showed no reaction. The test H-1 had heating failure

mid-test due to a vacuum instability with the heater. Although the full assembly

soaked at 250 ◦C for 15 minutes, just longer than the prescribed soak time based
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Figure 2.11: PDV traces for high-temperature PBX 9502 test H-1 at 3.93 GPa.

on the heating test, it is assumed, since there was not temperature measurement

possible at the specimen that the assembly did not soak at high-temperature long

enough to equilibrate to 250 ◦C since high-temperature Pop-plot data from Dall-

man and Wackerle [1993] show detonation is expected under these conditions. As

a result the heating procedure was improved and subsequent tests were soaked

at temperature for 30 min. The measured tilt of this test was 0.385 mrad.

The second high-temperature shot, H-2, used specimens of the thicknesses

listed in Table 2.5. The projectile used in this test was made of copper and had

a measured velocity of 711 m/s. This translates to a pressure of 4.01 GPa seen by

the PBX 9502, which is very close to the shock condition of the previous test. The

results of this test are shown in Figure 2.12.

Table 2.5: Test H-2 specimen thicknesses.
Ch 1 (mm) Ch 2 (mm) Ch 3(mm)

3.188 4.763 6.350

In this test reaction is building in all the specimens, but full detonation is
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Figure 2.12: PDV traces for high-temperature PBX 9502 test H-2 at 4.01 GPa.

not achieved. According to the Pop-plot data from Dallman and Wackerle [1993]

for PBX 9502 at 250 ◦C undergoing unconstrained expansion the run distance is

expected to be 7.21 mm. While this result is consistent with the expected reaction

for the shock conditions, an exact run distance measurement could not be ob-

tained directly from this test. Additionally, only one free-surface probe provided

usable data and therefore a tilt measurement was not obtained from this test.

The third high-temperature shot, H-3, consisted of specimens with the

thicknesses listed in Table 2.6. The projectile used in this experiment was made

of copper and had a measured velocity of 710 m/s. This velocity gives an initial

shock pressure of 4.00 GPa, again this shock condition is very close to the previ-

ous tests. The results of this test are shown in Figure 2.13.

Table 2.6: Test H-3 specimen thicknesses.
Ch 1 (mm) Ch 2 (mm) Ch 3(mm)

6.350 7.938 9.525
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Figure 2.13: PDV traces for high-temperature test H-3 PBX 9502 at 4.00 GPa.

The data for the two thickest specimens show detonation. The probe for

specimen 1 stopped functioning just before test execution. Specimen 2 shows a

particle velocity of 1642 m/s, which is lower than the minimum expected particle

velocity of LiF from detonating PBX 9502 which is 1700 m/s. This indicates that

while turn-over to detonation has likely occurred, steady-state detonation has

not yet. The velocity for specimen 3 is only reliable for initial arrival time and

final particle velocity. The velocity trace profile from just after the arrival of the

detonation wave and through the peak velocity and most of the following flow

is missing. The sloped line connecting these portions of the curve is the best

estimation Analyze Data could make with the incomplete data in this section of

the curve. However, the only way for this specimen to have a particle velocity

this high is to have achieved full detonation since channels cannot influence each

other. The possibility of a faulty probe has been ruled out since they were each

tested prior to test execution. The measured tilt of this test is 2.20 mrad. The raw

data of the wave profile between these portions is below the signal to noise ratio
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and could not be reliably extracted.

The combined results of both successful tests at ~4 GPa (H-2, H-3) are

shown in Figure 2.14. The difference in run distance of a pressure differential of

0.01 GPa is within the spatial resolution of this experiment, therefore the particle

velocities and pressures of these tests can be treated as being from the same test.

Examining all these traces it appears that SDT occurs between the 6.4 mm and

the 7.9 mm specimens or at 7.15 ±0.75 mm which is reasonably consistent with

the findings of Dallman and Wackerle [1993].

Figure 2.14: PDV traces for high-temperature PBX 9502 at 4.00 GPa.
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The fourth high-temperature test, H-4, contained specimens of the thick-

nesses listed in Table 2.7. The projectile used was made of tantalum with a mea-

sured velocity of 739 m/s providing a shock pressure of 4.96 GPa. The data for

this test is shown in Figure 2.15.

Table 2.7: Test H-4 specimen thicknesses.
Ch 1 (mm) Ch 2 (mm) Ch 3(mm)

3.162 4.775 6.350

Figure 2.15: PDV traces for high-temperature PBX 9502 at 4.96 GPa.

The PDV traces for the specimen 1 shows a building reaction. Specimen 2

shows a near transition to detonation since there is a small flat-top to the wave

profile as opposed to a spike similar to that of specimen 3, which is at steady-state

detonation indicated by the wave profile and particle velocity. This test indicates

that the detonation transition occurred at 5.6 mm ± 0.8 mm. The measured tilt of

this test was 1.10 mrad.
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A comparison of the run distances measured here and those measured by

Dallman and Wackerle [1993] at 250 ◦C is shown in Figure 2.16. The radially

constrained data obtained in these new experiments appear to follow the data

for PBX 9502 at the same temperature in the historical unconstrained heating

configuration.

Figure 2.16: High-Temperature (250 ◦C) Pop-plot data of this thesis compared to
Dallman and Wackerle [1993].
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2.3.3 Low-Density PBX 9502

Three additional tests examining the shock response of pressed to low-

density PBX 9502 were performed. The specimen thicknesses used in the first

test, LD-1, are shown in Table 2.8 along with the measured density. The projectile

used for this experiment was a copper impactor and the measured velocity was

722 m/s giving an impact pressure seen by the HE as 3.73 GPa. The estimated tilt

of the projectile in this shot is 0.691 mrad. The particle velocities of the specimens

in this test were not usable for reasons that are not clear.

Table 2.8: Test LD-1; Low density PBX 9502 specimen thicknesses and density.
Ch 1 (mm) Ch 2 (mm) Ch 3(mm) Density (g/cm3)

4.750 6.350 7.938 1.704 ± 0.011

The second test, LD-2, in the low-density suite of tests utilized specimen

sizes and a measured density shown in Table 2.9. The projectile used in this shot

was a copper impactor with a measured velocity of 857 m/s. This equates to a

calculated impact pressure of 5.62 GPa in the PBX 9502. Figure 2.17 shows the

results of this test. The data from the thinnest specimen was unrecoverable from

the PDV spectra and is not presented; however, detonation is present in both of

the two thicker specimens and so it can be inferred that detonation occurs within

the thickness range between the impact face of specimen one and break out of

specimen two. This gives a run distance with an upper bound of 6.350 mm. The

tilt for this shot was estimated to be 0.988 mrad based on the data available from

the two available free-surface measurements.
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Table 2.9: Test LD-2; Low density PBX 9502 specimen thicknesses and density.
Ch 1 (mm) Ch 2 (mm) Ch 3(mm) Density (g/cm3)

6.350 9.525 12.700 1.694 ± 0.004

Figure 2.17: PDV traces for test LD-2 at 5.62 GPa.

The third test, LD-3, in the low-density series used specimens of thick-

nesses and a measured density shown in Table 2.10. The results of this test are

shown in Figure 2.18. The projectile used in this test was sapphire and was mea-

sured to have an impact velocity of 882 m/s. This impact velocity equates to a

pressure seen by the PBX 9502 of 4.83 GPa. The PDV traces from this experiment

show that there is no reaction in the thinnest specimen, there is a detonation that

has not reached steady state in the second specimen, and detonation is occurring

in the thickest. This gives a run distance of 8.7 ± 0.8 mm. The measured tilt in

this test is 3.9 mrad.

Table 2.10: Test LD-3; Low density PBX 9502 specimen thicknesses and density.
Ch 1 (mm) Ch 2 (mm) Ch 3(mm) Density (g/cm3)

4.750 7.938 9.538 1.679 ± 0.017
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Figure 2.18: PDV traces for LD-3 at 4.83 GPa.

Figure 2.19 shows the high-temperature unconstrained Pop-plot data from

Dallman and Wackerle [1993], radially constrained high-temperature data from

this thesis, and the low-density data from this thesis. The data point obtained for

the low-density shows that for this input pressure it is less sensitive than high-

temperature PBX 9502. More data points are needed to establish a trend.
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Figure 2.19: Comparison of high-temperature (250 ◦ C) and low density (1.7 g/cm3)
thesis data compared to high-temperature data from Dallman and Wackerle
[1993].

2.4 Summary

The data presented in this section shows preliminary results from 1D shock

to detonation data of high-temperature and low-density PBX 9502. These data

were obtained from measuring the particle velocity in specimens at varying thick-

nesses for a given input pressure and inferring the SDT distance. The distances

can be more precisely determined using reactive burn modeling by calibrating

the burn model to the experimental data and subsequently use those parameters

to determine the run to detonation distances over a range of pressures, which will

be shown in a later chapter. The particular experimental geometry used induces

a radial constraint to heated specimens that has not been used before. The con-

cern is that the constraint may influence the void morphology and bulk density

of heated PBX 9502 which may result in a different sensitivity. When compared to
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historical Pop-plot data of unconstrained heated PBX 9502 the experiments per-

formed on constrained heated PBX 9502 indicate no difference in measured SDT

response. However, with a limited pressure range more data is needed over the

full pressure range covered by Dallman and Wackerle [1993] in order to make a

stronger conclusion that limited constraint perpendicular to the pressing direc-

tion does not effect SDT of PBX 9502. Given the data extracted from this set of

experiments and the data obtained by Urtiew and Tarver [2005] regarding void

growth suppression it is indicative that detonation initiation at elevated temper-

ature is more dependent on void size and void volume fraction as opposed to

thermally induced chemistry.

The low-density PBX 9502 experiments only yielded one valid Pop-plot

data point, however, it suggests that pressed to low-density PBX 9502 at ~1.7 g/cm3

at 25 ◦C, is less sensitive than initially fully-dense PBX 9502 at 250 ◦C. The esti-

mated density of PBX 9502 at 250 ◦C is ~1.820 g/cm3 according to previous re-

search (Rae et al. [2018]). The observed run distance of low-density PBX 9502

clearly demonstrates that there is some influence of void morphology affecting

the sensitivity of PBX 9502 when pressed to low-density, as opposed to purely

thermal chemistry, because at the pressure where SDT was measured fully-dense

PBX 9502 at 25 ◦C will not even detonate according to published Pop-plot data in

Figure 1.2.

In both the high-temperature and low-density experiments the data was

the first of its kind. Owing to the difficulty of performing these already challeng-

ing experiments at 250 ◦C, the data loss rate was higher than expected. Lessons

have been learned from this test series and it is expected that with a number of im-

provements the apparatus can be made to generate more reliable data if funding
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allows further testing. For instance a ceramic bushing in place of the aluminum

PDV guide tube would better insulate the PDV probes from the heat being con-

ducted through the stainless steel tubes. The heaters used in this experiment did

not function well under vacuum. Better heaters would be used to allow the use

of a PID heater controller.
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CHAPTER 3

SMALL-ANGLE SCATTERING MEASUREMENTS OF PBX

9502

3.1 Introduction

As demonstrated both experimentally and theoretically, the formation of

critical hot spots is the main influence on the detonation sensitivity of an explo-

sive with respect to shock impulse loading (Bowden and Yoffe [1985]; Dallman

and Wackerle [1993]; Menikoff and Shaw [2010]). The microstructural properties

that influence the formation of hot spots are the mean void size and the void size

distribution (Bowden and Yoffe [1985]; Menikoff and Shaw [2010]; Perry et al.

[2018b]). It is also known that the void morphology changes as a function of

thermal insult (Thompson et al. [2009]). Knowing the microstructural properties

of an HE, both pristine and at high temperature, is useful to accurately predict

the reaction to shock impulse (Perry et al. [2018a]). Small- and ultra-small angle

neutron scattering (SANS and USANS) techniques are useful to characterize HE

void structure in the size range of interest (0.001 to 10 µm).

The measurements performed herein are aimed at characterizing the void

morphology of PBX 9502 as a function of temperature using SANS techniques.
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Measurements were taken of pristine specimens and specimens heated in-situ.

Specimens were also measured upon cooling to ambient conditions to quantify

the microstructural changes occurring due to thermal contraction. These data

will aid in understanding the high temperature sensitization of PBX 9502. A sec-

ondary goal of these measurements is to characterize the void morphology of

PBX 9502 as a function of pressing density so as to compare the effects of heat on

the void morphology to that of processing and manufacturing techniques. This

will further elucidate the effects of void morphology overall on sensitivity.

3.2 The Small Angle Scattering Process

The neutron scattering process performed in this study utilizes monochro-

mated and collimated neutrons from a reactor source. As incident neutrons pass

through a material, a portion interact with the nuclei of the atoms of the spec-

imen and are scattered. The scattered neutrons are detected by a position sen-

sitive (SANS) or single channel (USANS) detector, which record the scattering

angle and intensity. Both quantities are related to the specimen microstructure.

A diagram of this process for SANS is shown in Figure 3.1.

Figure 3.1: Small-angle scattering process from neutron source to useful data.
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SANS and USANS measure scattered neutrons caused by the elastic colli-

sion of the neutron with the nucleus of an atom. The neutron scattering radius

of an atom, which is size dependent, is known as the scattering length. The scat-

tering length density of a material is the weighted sum of the scattering lengths

of each elemental constituent of the material being examined averaged over the

molecular volume. The scattering length density, ρ, is the representative size of

the molecule “seen“ by an incident neutron and is defined as,

ρ =
∑n

i=1 bi

Vm
(3.1)

where bi is the scattering length of a given element and Vm is the molecular vol-

ume.

Coherent small-angle neutron scattering results from fluctuations in the

neutron scattering length density, ρ(~r), at a position vector, ~r, within the speci-

men. In a condensed polycrystalline HE system, these fluctuations naturally arise

from the presence of distinct materials (crystal, polymer, void, etc.) and hence are

defined as the microstructure. The ability to discern the interface between materi-

als is determined by the scattering length density contrast, ∆ρ, which represents

the difference in the scattering length density of the materials on either side of

the interface. Using Equation (3.1) and the elemental properties of both TATB

and Kel-F 800, the scattering length of each component in PBX 9502 was calcu-

lated. TATB was found to have a ρ of 4.891× 10−6 cm−2 and 4.367× 10−6 cm−2

was calculated for the Kel-F 800 binder. The scattering intensity difference in ρ

between TATB and Kel-F 800 is small and contributes little to the total scattering

due to the presence of voids (ρ = 0), therefore allowing utilization of a two phase

approximation, where the observed scattering is due to the void phase alone. To
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demonstrate the validity of a two-phase approximation, a comparison of com-

bined SANS and USANS scattering intensity curves between PBX 9502 and dry

aminated TATB (DA-TATB) of the same density are shown in Figure 3.2.

Figure 3.2: Comparison of combined SANS and USANS scattering curves of PBX
9502 to DA-TATB at 1.851 g/cm3. The nearly identical gradients demonstrates min-
imal perturbation from Kel-F 800.

The measured scattering intensity, I(Q), is a function of the scattering vec-

tor of a neutron, Q = (4π/λ) sin θ, where θ is the scattered angle, and is propor-

tional to the squared Fourier transform of ρ(~r), and thus the scattered neutrons

possess no phase information. The implication of this is that multiple microstruc-

tural models can be fit to the scattering curve with equal fit quality without in-

dication of which represents the void structure most accurately. Therefore, it is

important to compare and contrast differing models and examine the informa-
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tion gleaned from each for consistency with the known behavior of the material

being examined, in this case PBX 9502.

As shown in Figure 3.2, the scattering intensity of these specimens are sim-

ilar in gradient indicating that the influence of the binder on the measurements

is negligible. The absolute magnitude of the scattering in this USANS data is

slightly different and is attributed to the fact that these measurements were taken

years apart resulting in differences in instrument calibration as well as the fact

that these specimens are condensed heterogeneous specimens and as such, no

two specimens will be identical in absolute response.

The following models have been applied to SANS data for PBX 9502 and

TATB and have been published elsewhere (Armstrong and Mang [2018]; Mang

and Hjelm [2013]).

3.2.1 Spherical Model

The spherical model treats voids in PBX 9502 as randomly oriented, un-

correlated structures throughout the microstructure. The scattering intensity of

the spherical model is expressed as,

I(Q) =
φ∆ρ

2

〈V〉

∫ ∞

0
f (R)V(R)2P(Q, R)dR (3.2)

where φ is the volume fraction of the voids, ∆ρ is the average scattering length

density contrast between the voids and surrounding matrix (TATB and Kel-F

800), f (R) is the probability density of finding a void with a radius between R

and R + dR. V(R) is the void volume and P(Q, R) is the normalized spherically
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averaged form factor. For a sphere of radius, R,

P(Q, R) = 9

[
sin(QR)−QR cos(QR)

Q3R3

]2

(3.3)

f (R) is well represented by a log-normal function such as that used by Beaucage

et al. [2004]. The log-normal distribution was created by utilizing the Igor data

analysis package developed by Ilavsky and R. Jemian [2009].

3.2.2 Fractal Model

The fractal model assumes the void space is a hierarchical arrangement

of correlated substructures similar to those represented in a mathematical fractal

network, however, here the fractal is limited to the scattering resolution. The

scattering intensity of the fractal network of voids is as follows:

I(Q) = I0P(Q, r)S(Q, r, ζ, D f ). (3.4)

In Equation 3.4, I0 is a proportionality constant, I0 ∝ φ∆ρ̄2V(r). P(Q, r) is the

same void form factor as the spherical model for polydisperse systems which

takes the form of Equation 3.2. S(Q, r, ζ, D f ) is the structure factor for a volume

fractal aggregate, as developed by Teixeira [1988], which describes the correlation

among the primary particles,

S(Q, r, ξ, D f ) = 1 +
1

QrD f

D f Γ(D f − 1)

(1 + 1
Q2ξ2 )

D f−1
2

sin[(D f − 1) arctan(Qξ)] (3.5)

Here, ξ, is the fractal correlation length, which would be the size of a crack
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or pore, Γ is the Gamma function, and D f is the volume fractal dimension, which

ranges in value from 1 to 3. As the value of the fractal dimension increases it

represents a more volume filling network of voids.

A graphical representation of a an arbitrary void network as represented

by the fractal model is shown in Figure 3.3 where the correlation length, ξ, of

the scattering feature is represented by the large circle. This indicates the cross-

sectional area of a scattering feature interrogated by collimated neutrons or x-

rays. The structure of a void network is shown with the small black circles of

radius, r. These primary voids are optimized polydisperse spheres that fill the

volume of the void space detected by the incident scattering particles. The pack-

ing of these voids is described by the volume fractal dimension, D f . A low D f

value with a minimum of 1 indicates a long string of voids that resemble a rod

shape. A high D f value with a maximum of 3 indicates a tightly packed ball

resembling something like a snowball.

Figure 3.3: Example of a volume fractal network of primary voids, r, within a
volume of correlation length, ξ. Image used with permission from Mang and
Hjelm [2013].
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3.3 Experimental Set Up

3.3.1 Neutron Scattering

Neutron scattering measurements were performed at the National Insti-

tute of Standards and Technology Center for Neutron Research (NCNR). Neu-

tron scattering at NCNR utilized the BT-5 Perfect-Crystal SANS instrument (US-

ANS measurements) with a monochromatic neutron wavelength of 2.4 Å (Barker

et al. [2005]), and the NGB30m SANS instrument (SANS measurements) with a

monochromatic neutron wavelength of 5 Å (Glinka et al. [1998]). The BT-5 in-

strument is a Bonse-Hart camera with a maximum effective Q-range of 3× 10−5

– 1× 10−2 Å−1 and the NGB30m instrument is a pinhole camera with a maximum

Q-range of 8× 10−5 – 7× 10−1 Å−1.

The specimens were centered in a titanium specimen cell, containing a

quartz window, using an aluminum centering ring. A photograph of a titanium

specimen cell is shown in Figure 3.4.

Figure 3.4: NCNR Titanium cell. Photo taken by NIST personnel.

Once loaded onto the specimen stage in the beam line, specimens were

scanned. For heated specimens a 30 minute soak time prior to the start of mea-
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surement was implemented to ensure thermal equilibrium. Additionally, short,

intermediate scans were taken at regular intervals to ensure that the microstruc-

ture was stable over the duration of the measurements. Counting times were on

the order of four hours for full data sets.

3.3.2 Specimen Preparation

The specimens used were disks of PBX 9502 that were 1.5 mm thick and

9.35 mm in diameter pressed to a density of 1.892 g/cm3. These disks were man-

ufactured by uniaxially pressing molding prills. The pressing process for the

specimens used in this experiment is as follows. First, molding prills are loaded

into a load tool. A load tool is a die, steel in this case, with opposing pistons,

known as stemples, that are used to compact the modling prills into a cylinder

of desired volume and density. Once the load tool is assembled it is inserted into

a hydraulic press and is heated to 100 °C. Once at temperature the load tool is

loaded by the hydraulic press to a pressure required to achieve the dimensions

of the final product. The specimen is load cycled multiple times to ensure the

density is uniform throughout the specimen. Typically, production density is

1.895±0.005 g/cm3, however a density of 1.892 g/cm3 was achieved for the samples

intended for heating. Additionally, some low density specimens were examined.

These specimens were pressed to a density range of 1.626 to 1.867 g/cm3. A full

list of specimens and the measurements performed on each is provided in Table

3.1.
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Table 3.1: List of PBX 9502 specimens used in SANS/USANS measurements.
Specimen Number Max Temperature (°C) Density (g/cm3) SANS Instrument

12 180 1.892 BT-5
22 1.892 NGB30
15 200 1.892 BT-5
5 1.892 NGB30
14 220 1.891 BT-5
19 1.891 NGB30
27 25 1.867 NGB30/BT-5
33 25 1.851 NGB30/BT-5
6 25 1.796 NGB30/BT-5
3 25 1.745 NGB30/BT-5
1 25 1.701 NGB30/BT-5
32 25 1.626 NGB30/BT-5

3.4 Results and Discussion

3.4.1 Neutron Scattering Data Reduction

The neutron scattering curve produced is a combination of SANS and US-

ANS. The data obtained from SANS is a histogram of scattering positions de-

tected by a positional detector some distance behind the specimen. Once these

data are obtained they can be circularly integrated for each radius away from the

center of the specimen, which corresponds to a given Q-value. An example of a

2-dimensional data set is shown in Figure 3.5.

These data are integrated over the entire Q-range so that it can be used to

produce the one-dimensional data in the mid- and high-Q range. Data reduction

was performed using the Igor SANS data reduction packages provided by NCNR

Kline [2006].

USANS data are combined with SANS data to create a scattering curve

over a larger Q-range. In principle, USANS is the same as SANS data, however,

64



Figure 3.5: 2D SANS data for specimen 14 at 220 °C. The contour plot shows total
counts at each detector location.

the method of data collection is different. The BT-5 USANS instrument uses a

slit aperture as opposed to a pinhole aperture used by SANS. Additionally, a

triple bounce monochromator and analyzer, known as a Bonse-Hart(Bonse and

Hart [1965]) instrument, to provide the high angular resolution required for the

small Q-range of USANS. USANS data are also collected in discrete angular steps

making the data inherently one-dimensional upon collection. Processing USANS

data requires correcting for background noise similar to SANS, however due to

the slit aperture used in USANS the data also need to be desmeared.

An example of PBX 9502 USANS data is shown in Figure 3.6. The blue data

points indicate the raw number of counts for that sample at a given scattering an-

gle. The Turquoise data represent the number of counts at a given scattering angle

for an empty sample cell. This gives the background radiation levels and sample

cell induced scattering effects. The raw data are then corrected for background

and specimen cell effects using the Igor SANS data reduction package provided

by NCNR (Kline [2006]). This produces the corrected data indicated by the gold
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data points that can then be combined with SANS data and analyzed. After the

data are corrected for background they are desmeared using a method devel-

oped by Lake [1967] and implemented in the data processing package, Irena, de-

veloped by Ilavsky and R. Jemian [2009]. The USANS and SANS data are then

combined to provide a single intensity curve over the entire Q-range.

Figure 3.6: Raw and corrected USANS Data. Data in blue is the raw data. Data in
turquoise is the scattering of an empty cell. Data in gold is the raw data corrected
for background.

3.4.2 Multiple Scattering

Due to the size of features present in the PBX 9502 microstructure, a phe-

nomena called multiple scattering often occurs. Multiple scattering occurs when

an incident neutron is scattered multiple times from microstructural features be-

fore exiting the specimen, thus somewhat obscuring the size of features present
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in the microstructure. To combat this problem specimens are kept as thin as pos-

sible. However, multiple scattering was still found to be present in the specimens

presented here. In order to determine the degree to which multiple scattering is

present the average number of times a neutron is scattered, τ, needs to be de-

termined. This is done by using a method developed by Schelten and Schmatz

[1980];

τ = 1.5tφ(∆ρ2)λ2R (3.6)

where, t, is the thickness of the specimen. The specimen transmission, T, which is

the incident neutron beam attenuated by small-angle scattering, provides an indi-

cation as to the level of multiple scattering present since T ∝ e−τ. The specimen

transmission was measured for each specimen and specimens with a transmis-

sion value lower than 0.9 were considered to have significant multiple scattering

present as it has been demonstrated that below this transmission value, multiple

scattering influences the scattering intensity of TATB (Mang and Hjelm [2013]).

The transmission value of each specimen is reported in Table 3.2. As shown in the

table each specimen exhibited multiple scattering of varying degree. The amount

of multiple scattering increases with increased temperature and with decreased

manufactured density.

For the specimens that indicated a presence of significant multiple scatter-

ing a method developed by Monkenbusch [1991] known as the MUX/DEMUX

routine was used to smear the scattering model during analysis. The MUX/DEMUX

method was developed based upon the treatment of multiple scattering by Schel-

ten and Schmatz [1980]. In their work the authors demonstrated that the multi-

ple scattering intensity can be expressed as the Fourier Transform of the function
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h(x),

IMSANS(Q) =
1

2πt

∫ xmax

0
J0(Qx)h(x)xdx (3.7)

where J0 is the zero-order Bessel function and,

h(x) =
4π2e−τ

λ2 (e
s(x)λ2

4π2 − 1) (3.8)

Here, s(x), is the Fourier transform of the single scattering probability as

a function of position, and λ is the wavelength of the incident neutron.

Table 3.2: Measured specimen transmissions. Note: The term “re-equilibrated
indicates sample measurements made after heated sample re-equilibrated to am-
bient conditions.

Specimen Number/ Temperature (°C) Transmission Value
Density (g/cm3)

5 (1.892) Re-equilibrated (200) 0.54
12 (1.892) 25 0.82
12 (1.892) 180 0.67
14 (1.891) Re-equilibrated(220) 0.48
15 (1.892) 25 0.82
15 (1.892) 200 0.63
19 (1.891) 220 0.68
22 (1.892) Re-equilibrated (180) 0.59
23 (1.891) 120 0.80
27 (1.867) 25 0.70
33 (1.851) 25 0.64
6 (1.796) 25 >0.9
3 (1.745) 25 >0.9
1 (1.701) 25 >0.9
32 (1.626) 25 0.07
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3.4.3 Fitting Scattering Data

The data presented in Figure 3.7 is an example data set of a pristine speci-

mens made before any heating (25 °C). The portion of the data set that makes up

the low-Q region measured by USANS is from specimen number 15 (indicated

by red data points) and the portion of the data set of the high-Q region is made

up from the SANS data of specimen 5 (indicated by blue data points). The low-Q

range intensity follows a power law that has a non-integer exponent between 1

and 3. This region of the data corresponds to volume fractal information in the

microstructure. There is a visible “knee” known as a Guinier region. The position

of this Guinier region gives a characteristic length scale, or primary void size, in

the microstructure. Following this Guinier region is another power law region in

the high-Q range. This region correlates to the interfacial exponent, α, which has

non-integer values ranging from 3 to 4. The non-integer exponent values may be

caused by a rough interface described as either a fractal, or polydispersity, mean-

ing randomly dispersed voids of varying sizes. Here, these features are treated

as arising from polydispersity.

Both, the spherical model and the fractal model fit the scattering data with

equivalent precision, thus making it difficult to establish a unique model based

on scattering data alone. Referring back to Figure 3.7, the fit of the entire curve,

indicated by the blue line, is the fractal model fit. Since the spherical model fits

the data with equal quality and would not be visible with the fractal fit, it is not

depicted. The difference between the treatment of void fraction of each model

is demonstrated by the fractal model being broken into its constituents; the void

form factor P(Q), and the structure factor S(Q). Integration of P(Q) of the fractal

model gives the void volume fraction, whereas S(Q) describes only inter-particle
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Figure 3.7: Example scattering data of combined scattering curves of specimens
#15 (USANS) and #5 (SANS) fit with fractal model showing the model con-
stituents S(Q) and P(Q).

correlations, not volume. The spherical model has no structural component, so

the entire scattering curve (covered by both S(Q) and P(Q)) assumes that the

voids are uncorrelated and randomly distributed throughout the microstructure,

therefore reporting an inherently larger void volume fraction upon integration.

3.4.4 Heated Specimens

Fractal Model Data The data presented in Figure 3.8 is the volume fractal di-

mension, D f , of the heated data. D f indicates the volume filling of the voids.

The volume fractal dimension drops precipitously as the specimens are heated.

Significantly, a lower value of D f is measured for specimens both while hot and
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after cooling. This indicates that the void structure of PBX 9502 transitions from

a tightly packed ball to a structure more like a sheet or disk.

Figure 3.8: Volume fractal dimension as a function of temperature.

A visual representation of the volume-filling change is shown in Figure 3.9.

This visual representation is produced by a Monte-Carlo simulation that assigns

a three-dimensional position to a given number of voids, represented by black

spheres, as a function of the volume fractal dimension, D f , the correlation length

of the scattering feature ξ, and the radius of gyration, Rg(ξ, D f ), which is the ef-

fective size of the scattering particle, in this case the void. This simulation was

designed by Watkins et al. [2018]. The first image in Figure 3.9 where D f = 2.52

is a representation of the PBX 9502 void structure as manufactured to full density.

The middle image of Figure 3.9 where D f = 1.84 is a representation of the void

network of PBX 9502 at ~180 ◦. The void networks begin to flatten out and elon-

gate. The image on the right of Figure 3.9 is a representation of the void network

of PBX 9502 if it were to achieve the minimum bounding limit of D f = 1.00. Here
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the void network is akin to a long cylindrical rod.

Figure 3.9: Example of primary particle structure as a function of D f .

The data presented in Figure 3.10 (a) shows the void size distribution of

both pristine and in-situ heated specimens as measured by the fractal model.

The pristine specimens show a similar bimodal distribution as the fractal model

fit with the main peak centered around 300 Å. As the specimens are heated, the

distributions shift to a larger void size. The main peak is centered around voids

approximately an order of magnitude larger than that of the pristine specimens.

Additionally, as the specimens increase in temperature the secondary peak that is

prominent in the pristine specimens disappears. The void size distribution of the

in-situ heated specimens show a substantial decrease in the voids smaller than

~100 Å suggesting that no new isolated voids that are smaller than were seen

in the pristine specimens have grown to a detectable size with thermal expan-

sion. This indicates that the smallest are likely enveloped by much larger voids

as they expand and TATB crystals rearrange. This supports the claim that the

enlargement in void size is due to a combination of the highly anisotropic CTE of

TATB and the rearrangement of TATB crystals to a lower stress state according to

Graff Thompson et al. [2015].The void size distributions of the specimens upon

re-equilibration to ambient conditions are shown in Figure 3.10 (b) in comparison

72



to the in-situ heated distributions. Upon re-equilibrating to ambient conditions

the number of large voids grows at the expense of the smaller ones. It is also im-

portant to note that these thermally induced changes in void size distribution are

non-recoverable, meaning that the changes in void morphology due to heating

are permanent.

(a) Ambient and in-situ heated specimens.

(b) In-situ heated and re-equilibrated speci-
mens.

Figure 3.10: Fractal model void distributions for PBX 9502 at ambient, in-situ
heated, and re-equilibrated conditions.
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Spherical Model As discussed previously, the spherical model assumes voids

are polydisperse spherical structures. The void size distribution can be deter-

mined from Equation 3.2 assuming a log-normal distribution for f (R)). The data

shown in Figure 3.11 (a) is the void size distribution as determined by the spher-

ical model as a function of temperature. At ambient conditions there is a clear

bimodal structure in the void distribution plot. The primary peak is centered

around 100 Å. A second large peak is centered at a larger void size of 600 Å. The

total range of void sizes covered by the spherical model for pristine specimens is

approximately 3× 101 – 1× 104 Å. The void distribution for both of the pristine

specimens match closely. In comparison to the fractal model the number of voids

detected for the pristine samples is approximately an order of magnitude larger

for the spherical model than the fractal model. Once heated, the void distribu-

tion shifts and broadens to voids of an overall larger size spanning a range of

approximately 2× 101 - 1× 104 Å. As the temperature increases, the voids below

100 Å begin to disappear indicating that either no new voids are being created of

that size, or more likely, that many of these small voids coalesce creating larger

voids detected by neutron scattering. Again, the enlargement in void size is due

to a combination of the highly anisotropic CTE of TATB and the rearrangement of

TATB crystals to a lower stress state (Graff Thompson et al. [2015]). The void dis-

tributions for specimens in-situ and re-equilibrated are shown in Figure 3.10 (b)

for the fractal model and Figure 3.11 (b) for the spherical model. The size of

voids detected by the fractal model for the heated and re-equilibrated specimens

is about double that of the spherical model. According to both models with in-

creasing temperature, the smaller voids disappear and the number of large voids

increases. This redistribution holds after cooling demonstrating there is perma-
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nent changes in void structure.

(a) Ambient and in-situ heated specimens.

(b) In-situ heated and re-equilibrated specimens.

Figure 3.11: Spherical model void distributions for PBX 9502 at ambient, in-situ
heated, and re-equilibrated conditions. Same specimens as Figure 3.10.
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In summary, the distributions presented by both the fractal and spheri-

cal models both capture the behavior of the void morphology as a function of

heating and cooling, however the overall number of voids is much larger with

the spherical model than it is with the fractal model for the measured volume

fraction, φ.

Void Volume Fraction The void volume fraction, φ, is the void space present

within the specimen and is calculated from the scattering intensity I(Q) as de-

fined in Equation 3.2. As demonstrated by Figure 3.12, the void volume fraction

increases with temperature as expected due to the previously observed thermal

expansion of TATB crystals (Thompson et al. [2009]).

Figure 3.12: Void Volume Fraction as a function of temperature.

Additionally, as the specimens re-equilibrated to ambient conditions φ

continued to increase indicating that there is continued void growth. The poten-

tial driver for the further increase in void fraction seen upon re-equilibration is
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the combination of the highly anisotropic CTE of TATB (Kolb and Rizzo [1979]) as

the crystals contract, continued crystal reorientation to a lower stress state (Gee

et al. [2002]) during crystal thermal contraction, and the low Tg of the binder

(Cady and Caley [1977]) that allows for uninhibited crystal movement until near

room temperature.

One important observation when comparing the models is that there is a

systematically larger void fraction measured with the spherical model than there

is with the fractal. This difference is attributable to the distinct treatment of void

space and void network structure by each model as described previously.

Void Size The void size as measured by each model is presented in Figure 3.13.

The void diameter is the statistical mean void size. As expected, the overall void

size increased with temperature up to 200 °C. However, above 200 °C the void

size decreased slightly. The void size increased by approximately a factor of 4 for

the spherical model and a factor of 1.5 for the fractal model. Also, consistent with

the void volume fraction measurements, the void size as measured by each of the

models increases upon re-equilibration. Also shown in Figure 3.13, the spherical

model consistently measures a void size significantly larger than that of the frac-

tal model. This is due to the aforementioned difference in void treatment over

the entire scattering curve. The error bars associated with the pristine specimens

(25 °C)is the maximum variation on the void size observed amongst all heated

specimens prior to heating. The observed variation in measured void size of

pristine specimens is smaller than the measured void size at temperature indicat-

ing that changes due to temperature are greater than the specimen-to-specimen

variation and the results observed are truly temperature induced and not manu-
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facturing variation.

Figure 3.13: Mean void diameter of specimens as a function of temperature.
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3.4.5 Low Density Specimens

Fractal Model The data presented here are the fractal model of low-density

specimens in comparison to the high temperature in-situ specimens. As demon-

strated in Figure 3.14 D f , shows a very similar trend for both heated and low-

density specimens. The value of D f drops as lower densities are achieved, whether

the mechanism is by heating or manufactured density. The difference between

data sets is that the heated specimens decrease in value of D f more precipitously

than those of the pressed-to-density series. One possibility for this is that a tightly

packed quasi-random crystal orientation induces stress during pressing which

hinders the crystals from entering a preferred structure when in a relaxed state.

Conversely, as specimens are heated, the crystals rearranged to a lower stress

state that allows for a change in void structure to a more sheet like structure.

Meaning, pressing forces crystals into a tightly packed high-stress configuration,

whereas heating the specimens allows for the samples to relax and reorient to the

lowest stress state, and in this case, without restriction. These differing mech-

anisms will likely yeild different rates of change in void structure. The lowest

density specimen did not exhibit a fractal structure for the length scale available,

therefore no data is presented for this specimen.

The void size distribution for specimens with a range of pressed densities

as detected by the fractal model is shown in Figure 3.15 (a). At the highest density

there is a bimodal curve with a sharper peak centered at approximately 5× 101Å

and a broader range of sizes covered by the second mode which has a peak at

7× 102 Å and spans void sizes up to 1.3× 103 Å. As the density decreases the

first peak declines rapidly, while the second peak increases and shifts to a larger

void size until the specimens reach a density of approximately 1.800 g/cm3. At this

79



(a) D f as a function of pressing density. (b) D f as a function of temperature. Note
the reversed temperature axis to correspond
with increasing density trend of (a).

Figure 3.14: Comparison of volume fractal dimension, D f , as a function of press-
ing density and temperature.

point the trend of the peak centered about the larger void size begins to decrease

and split into two peaks. One is centered about 3× 103 Å and remains in this

location regardless of the density decrease. The new peak formed decreases in

peak and shifts to larger void sizes as the density decreases. The peak centered

about the smaller void sizes begins to sharply increase as density decreases below

1.745 g/cm3. This is due to the fracturing of TATB crystals during compaction

opening up more surface area which has also been observed by Mang and Hjelm

[2013].

Spherical Model The void distribution as a function of pressing density as cap-

tured by the spherical model is presented in Figure 3.15 (b). As shown, the overall

void distribution becomes broader as the pressing density decreases. The void

distributions of the spherical model give the same overall trend as the fractal
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model, however, the curves as determined by the spherical model tend to be

broader and smoother. The change in void distribution as a function of density is

very similar to that of the heated specimens. At the highest density the specimens

exhibit the same bimodal distribution with a sharp peak at approximately 1× 102

Å and a broader range with a peak centered at roughly 1× 103 Å with the largest

void being 1× 104 Å. As the pressing density decreases the peak at the low end

of the void distribution decreases while the peak at the larger end of the void dis-

tribution increases and the overall distribution covers a larger range of voids to a

specimen density of approximately 1.800 g/cm3. For densities below this value the

same trend is observed as the fractal model where the peak at the high end of the

distribution broadens and becomes bimodal and the peak at the low end sharply

rises and falls as the TATB crystals undergo brittle fracture during compaction.

As was witnessed with the heated series of data the fractal and spherical

models capture the same overall behavior of the void morphology as a function

of compaction. Unlike the heated series, however, the distributions are much

closer in the number of voids detected for a given size. The difference in curve

shape of the density dependent distributions as determined by each model are

notably different. Specifically, the spherical model produces curves that are much

smoother and broader around peaks than the fractal model.

Void Volume Fraction Shown in Figure 3.16 is the void volume fraction as a

function of both temperature and pressing density. As demonstrated by the data

the void volume fraction as a function of heating is limited in growth, approxi-

mately 3% as determined by the spherical and 2% as determined by the fractal

model, regardless of maximum temperature achieved.
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(a) Void distribution as measured by the fractal
model.

(b) Void distribution as measured by the spherical
model.

Figure 3.15: Comparison of void distribution as measured by the fractal and
spherical models.

The void volume fraction for the low density specimens appears to in-

crease unbounded. The void volume fraction is represented as φ = 1 − d/d0,

where d is the volumetric mass density and d0 is the theoretical maximum density
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(a) φ as a function of pressing density at
25 °C.

(b) φ as a function of temperature for speci-
mens initially 1.892 g/cm3. Note the reversed
temperature axis to correspond with increas-
ing density trend of (a).

Figure 3.16: Comparison of void volume fraction, φ, as a function of pressing
density and temperature.

(TMD). The TMD of PBX 9502 is 1.940 g/cm3. SANS reports a value of φ that is an

average for the region of the specimen probed by neutrons and is assumed here

to be constant throughout the specimen. The bulk measured density of the whole

specimen gives the average void volume fraction of the entire specimen. Table 3.3

shows the values of φ as measured by SANS and derived from the percentage of

the reported manufactured density from TMD. As shown in the comparison the

difference in the measured density increases as density decreases. However, it is

important to note that the reported density of the sample is from the measured

density after manufacturing. There is a small, but unknown error associated with

this density measurement.
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Table 3.3: Comparison of φ as measured by SANS and derived from TMD.
Manufactured φ from φ from φ from Difference (%) Difference (%)
Density (g/cm3) Spherical Fractal TMD Spherical Fractal

1.892 0.023 0.012 0.024 0.1 1.2
1.867 0.031 0.017 0.038 0.7 2.1
1.851 0.036 0.019 0.045 0.9 2.6
1.796 0.085 0.048 0.074 1.1 2.6
1.745 0.104 0.058 0.101 0.3 4.3
1.701 0.114 0.071 0.123 0.9 5.2
1.626 0.104 0.103 0.162 5.8 5.9

Void Size The mean void size as a function of both heating and compaction are

presented in Figure 3.17. The void size, similar to the volume fraction, shows a

limit to size regardless of temperature achieved. The fractal model shows this

limit to be approximately 5000 Å. The spherical model shows a much larger limit

to the void size achieved of approximately 1.3 × 104 Å. As would be expected

for the void size as a function of pressing density it appears to increase without

bound.

3.5 Summary

The data in this chapter presented neutron scattering measurements of

PBX 9502 over a range of specimen temperatures and densities. The scattering

data were fitted with a fractal model that treats scattering in the high-Q range

as smooth polydisperse spherical voids and in the low-Q range contains struc-

tural information based on inter-particle correlations, and the spherical model

that treats entire Q-range as void space of voids varying in size.

The aim of this research was to characterize the void structure of PBX 9502

as a function of temperature in order for the microstructure to be utilized by a
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(a) Void diameter as a function of pressing
density.

(b) Void diameter as a function of tempera-
ture. Note the reversed temperature axis to
correspond with increasing density trend of
(a).

Figure 3.17: Comparison of void diameter as a function of pressing density and
temperature.

reactive burn model to aid in the prediction of PBX 9502 response to shock insult.

A secondary objective of this research was to characterize the void structure of

PBX 9502 as a function of pressing density. These data elucidate the differences

in void structure as a function of pressing and thermal expansion.

The results of this research showed that as specimens of PBX 9502 are

heated the void volume fraction and void size increase. Although values differed

due to the distinct treatment of void structures, this trend was consistent for each

model. These results are congruent with previous studies of thermal expansion

(Kolb and Rizzo [1979]) and ratchet growth (Gee et al. [2002]; Thompson et al.

[2015]; Zhang et al. [2013]) that demonstrate the anisotropic CTE coupled with

stress induced crystal reorientation allowed in the specimen due to the low glass

transition temperature, Tg, of the binder (Rizzo et al. [1981]) can result in large
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permanent volume changes in PBX 9502. The combination of all these factors

causes the changes in void morphology measured in small angle scattering as

exhibited here and elsewhere (Thompson et al. [2009]; Willey et al. [2010, 2006].)

After re-equilibrating to room temperature the specimens increased in both

the void size and void volume fraction indicating further structural changes dur-

ing the re-equilibration process. This is likely due to uninhibited crystal move-

ment as the TATB crystals contract during re-equilibration because the binder is

above the Tg until just above room temperature. The fractal model also shows

that during heating, according to D f , that the void structure is less volume filling

with no substantial change in void structure upon re-equilibration.

In addition to examining the effects of temperature on the void morphol-

ogy of PBX 9502 pressed density was also considered. Specimens of varying den-

sity were measured and fit with the same models that were used to fit the heated

specimens. In comparison, both the heated and low density specimens showed

an increase in void size and void volume fraction. However, the void size and

void volume fraction appeared to expand unrestricted as a function of pressed

density, as opposed to the heated specimens that appeared to have a limiting

value of void size and void volume fraction attainable by thermal insult. This

difference is consistent with expected results because the specimens can only ex-

pand due to heating a finite amount, whereas consolidation of a polycrystalline

material involves the packing of distant crystals and forcing them into a packing

density approaching a material dependent TMD.
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CHAPTER 4

INCORPORATION OF MICROSTRUCTURE IN REACTIVE

BURN MODELING

4.1 Introduction

In the interest of high explosive safety, it is paramount for predictive mod-

eling to accurately determine when and if an explosive charge in an abnormal

environment, such as high-temperature, is susceptible to insults that are other-

wise unable to provide enough stimulus for a violent reaction from the HE. Pre-

dictive modeling of detonation initiation is performed with models falling un-

der the category of reactive burn models. Reactive burn models are intended

to determine if SDT will occur for a given explosive under a specified shock

load within a given set of initial conditions. In order to achieve accurate pre-

diction, reactive burn models such as: History Variable Reactive Burn (HVRB)

(Kerley [1992]), Ignition and Growth (I&G) (Lee and Tarver [1980]), Wescott-

Stewart-Davis (WSD) (Wescott et al. [2005]), Johnson-Tang-Forest (JTF) (Johnson

et al. [1985]), CREST (Handley [2007]), and Scaled Uniform Reactive Front (SURF)

(Shaw and Menikoff [2010]) rely on measured 1D SDT data at a given initial con-

dition for calibration so they can in turn be used to model more complex scenarios
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with a higher degree of certainty. These models can fail to accurately predict SDT

when the HE is subject to abnormal conditions such as extreme thermal environ-

ments where the sensitivity of a polymer-bonded polycrystalline HE is known to

change. The SURF reactive burn model differs from other reactive burn models

in the treatment of the deflagration of microstructural features as a function of

shock pressure as will be discussed in detail in a later section. However, despite

these advances, SURF still needs to be calibrated to shock data in order to accu-

rately predict HE response. Furthermore, it is often costly and difficult to obtain

high-fidelity SDT measurements in high-temperature environments. To allevi-

ate the burden of high-temperature SDT experimentation a relationship has been

developed by Perry et al. [2018b], called π-SURF, that relates microstructural

measurements of a polycrystalline HE using SANS and deflagration properties

to SURF material parameters in lieu of shock data for SURF calibration. Until

recently there has been little data to test the π-SURF methodology at ambient

conditions and no microstructural data to test this process for high-temperature

PBX 9502. Therefore, it is the goal of this research to utilize new high-temperature

microstructural SANS data and SDT data collected in this research to compare the

results of π-SURF to the traditional calibration method for both high-temperature

and ambient conditions. Additionally, low-density PBX 9502 will be examined in

order to elucidate the differences in microstructural and temperature rate kinetics

on the sensitivity of PBX 9502.

SURF is a reactive burn model that is utilized by a hydrocode called Pagosa,

which is an Eulerian finite difference code developed by Los Alamos National

Laboratory. Pagosa is used to model multiple materials with their own unique

equations-of-state (EOS), strength models, and as it pertains to explosives, reac-
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tive burn models, and program burn models within the same simulation. Pagosa

is capable of running in 1, 2, or 3 dimensions. In this thesis all models using

Pagosa were all done in 1 dimension. All inert materials were governed by a

SESAME EOS, which is a table of material states that Pagosa uses to determine

the state of a material based on pressure, internal energy, and temperature of the

material within its Eulerian cell. The strength model used for all inert materials

was the Kospall model Weseloh et al. [2010]. The EOS used to model PBX 9502 is

obviously the SURF reactive burn model. SURF works within Pagosa as a 3 part

piecewise function. The first part deals with weak shocks that can not induce hot

spots to form and nucleate. For this part SURF is effectively ‘off’ and PBX 9502 is

treated as an inert material. The EOS that handles the PBX 9502 in this state is a

Jones-Wilkins-Lee (JWL) EOS. Once a shock is detected by SURF that is sufficient

to initiate hot spots SURF turns ‘on’ and is used how it is described in the fol-

lowing sections. Once the SURF burn model determines detonation has started

within the PBX 9502 it switches to a program burn that deals with the reaction

product EOS and handles the energy output of the detonating high explosives.

For the sake of brevity and relevance from this point on SURF will only be han-

dled in its ‘on’ state within Pagosa. The models in this chapter used a pressure

input from a projectile included in the model. It is important to note that for each

of these calibrations the model is fit to the input pressure seen by the HE as op-

posed to strictly using the measured projectile velocity. The projectile velocity

in the simulations was adjusted until the input pressure matched the calculated

pressure of the experiment. This is done in order to compensate for any projectile

tilt or bowing and to eliminate any influences due to any discrepancies between

the EOS and strength models used by Pagosa and the pedigree of the material
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used for the projectile. This method is discussed by Menikoff [2015] with respect

to correcting any projectile impact influences such as tilt and bowing.

4.2 Theory

4.2.1 SURF Theory

The SURF burn model was developed by Shaw and Menikoff [2010] with

the aim of better capturing the underlying physics than traditional reactive burn

models. In their paper Menikoff and Shaw [2010] cite three key components that

a reactive burn model must capture; the density of burn centers (hot spots), the

growth of burn fronts emanating from the burn centers, and finally the geometry

of overlapping burn fronts of adjacent burn centers. SURF differs from other

models due to the novel approach taken to base the burn rate on the lead shock

strength. A detailed description can be found in the original paper (Shaw and

Menikoff [2010]). What follows is a brief description of the governing equations

that dictate the three parameters listed above within SURF.

Consistent with Hot Spot Theory, SURF depends heavily on the shock strength,

Ps, for the formation of hot spots (referred to as burn centers in reactive burn

nomenclature). The topology of the burn centers is governed by a statistical hot

spot model similar to the one derived by Nichols and Tarver [2002] and discussed

by Hill et al. [2009].

λ = 1− es2
(4.1)

Here, λ is the mass fraction of the gas and the dimensionless variable, s,

is a time dependent scaled length ratio of the expanding burn front radius to the
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average center-to-center distance between burn centers, abc, of a given volume

based on observations made by Hill et al. [2009]. Burn centers are voids that

have turned into hot spots. The criteria is based on the energy available from the

compression of a void of a given size due to the local shock pressure. In SURF

this is a statistical probability, again, based on observations made by Hill et al.

[2009] and governed by Equation 4.1. For π-SURF this is based on small-angle

scattering measurements that give the physical void distribution of PBX 9502.

How this is implemented for π-SURF will be shown in the following section. The

radius of a burn center after the passage of the lead shock is dependent on the

pressure-dependent deflagration speed, D.

D = D0Ps(
p
P0

)n (4.2)

In SURF the deflagration speed is assigned a functional dependence shown

in Equation 4.2, where P0 and n are material parameters. D0 is the initial defla-

gration rate. Ps is the shock pressure, which is fixed in a Lagrangian position,

and p is the local pressure which may vary with the passage of the leading shock

wave. The term (p/P0)n describes the local pressure after the passage of the lead

shock wave and can be modified by increasing the exponent, n, when rarefaction

waves are present that cause the local pressure to decrease immediately after the

passage of the lead shock, i.e. p < Ps. In a 1D shock application a value of n = 0

since no shock erosion is present.

The burn center density, N , is a function of the characteristic length scale

between burn centers. The number of burn centers per unit volume assuming a
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spherical volume is given as

N =
1

4
3 πa3

bc

(4.3)

Combining these parameters, SURF expresses, s, as

s(τ) =
1

abc

∫ τ

τs
D(p(t))dt =

D0Ps

abc

∫ τ

τs

(
p(t)
Ps

)n

≡ D(Ps)N
1/3
∫ τs

τ

(
p(t)
Ps

)n

dt

(4.4)

where D subsumed the (4π/3)
1
3 term. The time dependent rate of s(τ) is given as

ṡ = DN
1/3 (4.5)

In order the assert the strong dependence of D on Ps and N , SURF substi-

tutes an exponential dependence for ṡ given as,

ṡ =
(

p
Ps

)n

exp(A + BPs) (4.6)

where A, B and n are fitting parameters calibrated to shock initiation data. These

fitting parameters are the variables adjusted by the user the in the SURF reactive

burn model interface within Pagosa. Finding accurate values for these parame-

ters is the goal of this chapter.

4.2.2 π-SURF Theory

Physically-informed SURF, or π-SURF, is an analytical method of using

the physical properties of a polycrystalline HE to inform the SURF reactive burn

model about the hot spot behavior of a polycrystalline HE at a given initial state.
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This analytical method developed by Perry et al. [2018a,b] takes into considera-

tion the microstructure, temperature, chemical burn rates, and thermal explosion

properties of a HE. What follows is an abbreviated description of the theory be-

hind π-SURF.

Using these properties, π-SURF computes the factors presented in the rate

form of Equation 4.5:

ṡ = DN
1/3 (4.7)

Working on the assumption that the voids within a polycrystalline HE can

be approximated by a sphere, the distribution of these voids that are potential hot

spots based on local pressure after passage of the lead shock, called burn centers

in this analysis, needs to be defined. The volume of a burn center can be defined

by its geometric volume, where rc,c is the characteristic radius of a single burn

center.

Vbc =
4
3

πr3
c,c (4.8)

The total volume of burn centers is,

Vtot
bc = NbcVbc (4.9)

where Nbc is the total number of burn centers. The void volume fraction is then

defined as,

fv =
Vtot

voids
Vtot

(4.10)
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The volume fraction of burn centers is,

xc =
Vtot

bc
Vtot

(4.11)

which gives a volume fraction of voids that are burn centers of

fv,c = fvxc (4.12)

Using these definitions the burn center density, N , can be calculated from burn

center dimensions using the following definition.

N =
fv,c

4
3 πr3

c,c
(4.13)

This allows Equation 4.5 to be defined as,

ṡ =
(

3 fv,c

4π

)1/3 2D
δc,c

(4.14)

where the volume dimension is reported as void diameter, δc,c, since SANS data

is typically reported as void diameter.

As described in Section 4.2.1, SURF determines the number and distribu-

tion of burn centers for a given pressure using Equation 4.1. π-SURF uses a void

size distribution, f (δ), as measured by SANS. Figure 4.1 shows a distribution of

voids measured by SANS for a pristine sample of PBX 9502. For a given pressure

the minimum void size that can become a burn center is denoted by the vertical

red line. This is the critical diameter of a burn center, δbc. The distribution of void

space above this size is used to determine the spacing and density of voids.
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Figure 4.1: Void distribution of pristine PBX 9502.

The total void volume fraction of burn centers is defined as,

fv,c =
∫ ∞

δbc

f (δ)dδ (4.15)

and the statistical characteristic of the microstructure is,

k(δbc) =
∫ ∞

δbc

f (δ)δdδ (4.16)

finally, critical hot spot theory defines δbc as,

δbc = 6

√√√√ k(Tc − Tb)

h
[
Ze(−

E
RTc )
] (4.17)

where Tb is the background temperature, Tc is the assumed critical temperature,

k is the thermal conductivity, and h is combustion enthalpy. The term in the

brackets is the Arrhenius representation of decomposition kinetics where Z is
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the pre-exponential factor, E is the activation energy and R is the gas constant.

The background temperature can be approximated from the Rankine-Hugoniot

relationships for temperature:

Tb − T0 =
(E− E0)

cp
(4.18)

E− E0 =
P2 − P2

0

2ρ2
0

U2 (4.19)

Ps − Pi = ρ0Uu (4.20)

where Ps, E, and Tb are the pressure, energy, and temperature at a shocked

state. Pi, E0, and T0 are the pressure, energy, and temperature at a initial condi-

tions. U is the shock velocity, u is the particle velocity, ρ0 is the initial density,

and cp is the heat capacity. Substituting these definitions back into Equation 4.14

gives,

ṡ =
2
k

(
3

4π

)1/3

f 4/3
v,c D. (4.21)

Next, the final term, D, is the pressure dependent deflagration rate and is

defined as,

D = CPm, (4.22)

where C & m are material parameters where m is near unity.

At this point Equation 4.5 is fully defined using material properties and mi-

crostructural properties. Equation 4.21 will need to be expressed in terms of the

fitting form,

ṡ =
(

p
Ps

)n

exp(A + BPs) (4.23)

as shown in Equation 4.6 with D in terms of the ratio of local to shock pressure.
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This is done in order to interface with Pagosa since the user inputs are the A and

B parameters. At the time of publishing the newest versions of Pagosa and SURF

will no longer require this step.

4.3 Results and Discussion

4.3.1 Calibration of SURF to Existing Data

Although SURF takes into account the microstructural aspects of detona-

tion initiation it is still an empirical burn model that requires calibration to known

experimental data. For this set of experiments SURF is calibrated to multiple sets

of 1D shock data of PBX 9502 for each temperature. The ambient data used for

calibration was taken by Gustavsen et al. [2006]. These data are planar impacts

of a gas-gun propelled Kel-F 81 impactor into PMMA backed PBX 9502. The

PBX 9502 samples in this set of experiments contained embedded electromagnetic

gauge packets that recorded the Lagrangian particle velocity history of the PBX

9502 under various shock loads. The electromagnetic gauges provide a particle

velocity history profile at the location of each gauge and the known depth of each

gauge provides the data required for model calibration. Additional shock track-

ing gauges are used to track the position of the lead shock or detonation wave

as a function of time. The accurately measured position of the lead shock wave

and the position of the abrupt velocity increase indicating detonation transition

provide the run-to-detonation distance. The ambient calibration values provided

by Clements et al. [2018] (shown in Table 4.1), will be compared to the π-SURF

calibration method.

98



Table 4.1: Calibrated SURF Parameters for PBX 9502 determined by Clements
et al. [2018] based on experimental data from Gustavsen et al. [2006].

Condition A B (Mbar−1) Density (g/cm3)
Ambient Undamaged -3.5 30.0 1.895

4.3.2 Calibration to Experimental Data Taken in This Thesis

Calibration of SURF to the SDT data obtained earlier was done iteratively.

The SURF parameters, A and B were changed until the model outputs closely

matched the experimental data. First, this process was applied to the high-temperature

shock data. The only experiment that yielded SDT data that shows build up to

detonation is the test at 4.96 GPa and 250 ◦C. Figure 4.2 shows the SURF predic-

tions calibrated to the results of this test. The value used for parameter A was 2.0

and the value used for parameter B was 13.7 Mbar−1.

Figure 4.2: SURF predictions and experimental data used to calibrate parameters
A=2.0 and B=13.7 Mbar−1 to experimental data at 4.96 GPa and 250 ◦C.
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The fit to the first trace at 3.162 mm is quite close to the experimental data

trace. The next trace at 4.775 mm differs a fair amount in terms of peak particle

velocity. Finally the last trace at 6.350 mm arrives slightly early, however the peak

particle velocity is almost identical to the experimental data. The fidelity of SURF

predictions to the experimental data of the 4.96 GPa test can be better than what

is shown in Figure 4.2, but when these these SURF parameters optimized for the

4.96 Gpa experiment were used to predict the experimental data at 4.0 GPa and

250 ◦C there was no reaction in the PBX 9502 at all tracer distances, which is not

representative of experimental results. The values of parameter A=2.0 and B=13.7

Mbar−1 were found to maintain the highest fidelity to the 4.96 GPa test while

allowing a building reaction to occur in the 4.0 GPa experiment that is somewhat

consistent, although highly sub-optimal. This is shown in Figure 4.3.

Figure 4.3: Comparison of high-temperature PBX 9502 SDT data to SURF model
at 4.0 GPa using SURF parameters A=2.0 and B=13.7 Mbar−1.
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The fit of each tracer to the corresponding experimental run distance is

not optimal. In order for the SURF to more accurately predict the experimental

data in this test the SURF parameters required greatly affect the model behav-

ior with respect to the 4.96 GPa test. Even when optimized the time-of-arrival is

still off considerably for both the 4.763 mm and 6.350 mm run distances. A po-

tential cause for this is that the data used to model the 4.0 GPa case is from two

different experiments. It is likely that combining the data from different tests is

introducing error. There is a 0.25 % difference between measured input pressures

between the 4.0 GPa tests. Accounting for this does not change the results of the

SURF model nearly enough to provide a higher fidelity to experimental data. The

problem likely lies in the fact that the PDV data of the 6.350 mm run distance was

not obtained during the second 4.0 GPa experiment so there is no comparison of

reaction rate at this run distance between both experiments. Therefore there is

no way to quantify the differences in presumably identical experiments. Addi-

tionally, the data quality of the third specimen in the second 4.0 GPa test is poor

since the wave profile is missing which makes optimization for this experiment

impossible. Due to this, the SURF parameters that fit the 4.96 GPa experiment

best, while preserving a trend of building reaction in the 4.0 GPa experiments,

focusing on the first three specimen thicknesses, were used and are presented in

Table 4.2.

Table 4.2: Calibration parameters of high-temperature PBX 9502 with an input
pressure of 4.96 GPa.

SURF A SURF B (Mbar−1)
2.0 13.7

Synthetic Pop-plot data were made from these SURF parameters, which

are shown in Figure 4.4. The Pop-plot derived from the calibration of SURF to
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the experimental data obtained in this experiment are shown in blue. Examining

the fit to the synthetic data at the calibration point shows an over prediction when

compared to the pressure to which it was calibrated (experimental data shown in

red). The slope of the Pop-plot is also slightly steeper than that of the fit to the

unconstrained Pop-plot data of Dallman and Wackerle [1993] shown by the data

in green.

Figure 4.4: Comparison of high-temperature Pop-plot data.

The calibration to the low-density (~1.700 g/cm3) data taken earlier is shown

in Figure 4.5. The experiment at 4.83 GPa was the only low-density experiment

that yielded data that measured a building reaction within the PBX 9502, there-

fore, it was used for calibration. The resulting parameters are presented in Ta-

ble 4.3. The calibration of SURF parameters to the low-density data is not op-

timal. The time-of-arrival is off and the rate of building reaction is too slow in

comparison to the experimental results. The time-of-arrival issue is probably at-

tributable to the use of standard shock Hugoniot parameters of C0 and S with the
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actual density used in place of ρ0 (ρ0 = 1.700 g/cm3, c0 = 2.90 km/s, s = 1.68) . This

was done since measured shock Hugoniot data for low-density PBX 9502 is not

available, however the sound speed of low-density PBX 9502 is likely lower than

the value used.

Figure 4.5: Calibration parameters of low-density PBX 9502 with an input pres-
sure of 4.83 GPa.

Table 4.3: Calibration parameters of low-density PBX 9502 with an input pressure
of 4.96 GPa.

SURF A SURF B (Mbar−1)
1.6 18.4

4.4 π-SURF Model

The high-temperature and low-density PBX 9502 void structures have been

characterized by the use of SANS as described in Chapter 3. Using these data and
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the equations outlined in Section 4.2.2, SURF fitting parameters A and B were

be obtained. In order to calculate the critical burn center diameter as a func-

tion of pressure, δbc(Ps), the constants in Table 4.4 are used in Equation 4.17. The

background temperature is calculated from Equations 4.18-4.20 and the constants

used are listed in Table 4.5. Note that for low-density PBX 9502 the actual density

was used in place of ρ0 and the same values of C0 and S were used since these

measurements have not been made for low-density PBX 9502.

Table 4.4: Constants used to calculate δbc. Constants used by Perry et al. [2018b]
k (W/mK) h (J/kg) Z (1/s) E (J/mol) Tc(K)

0.418 2.5× 106 1.13× 1013 177047 1400

Table 4.5: Constants used to calculate Tb. Constants used by Perry et al. [2018b]
cp(J/kgK) ρ0(kg/m3) C0(m/s) S

2259 1937 2900 1.68

First, this method is applied to undamaged specimens of PBX 9502. There

is data available for two models used in the SANS measurements of the void size

and distribution. These are the fractal and spherical models as described earlier

in Section 3.2 and will both be trialled. Table 4.6 shows the results of applying the

π-SURF model to USANS data in comparison to the SURF constants obtained

from calibration to 1D SDT data. Each of these three sets of parameters were then

used to generate synthetic Pop-plot points. These results are shown in Figure 4.6.

The blue trace shows the data fit reported by Gustavsen et al. [2006] to their

Pop-plot data and others. The data indicated by red is the synthetic Pop-plot data

using the SURF parameters reported by Clements et al. [2018] after calibration to
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Table 4.6: SURF constants for undamaged PBX 9502 at room temperature and
manufactured density (1.895 g/cm3).

A B
(Mbar−1)

Microstructural
Model

Source

-3.25 25.9 Fractal π-SURF
-2.25 11.2 Spherical π-SURF
-3.5 30.0 N/A Calibrated to

Gustavsen et al. [2006]

Figure 4.6: Fit to experimental data from Gustavsen et al. [2006] compared to
synthetic Pop-plot data of the π-SURF model using the fractal model SANS data
and the SURF model with parameters from Clements et al. [2018].

the tabulated particle velocity data reported by Gustavsen et al. [2006]. The data

denoted by green is the synthetic Pop-plot data applying the π-SURF model to

the SANS fractal model of the undamaged PBX 9502 specimens. The SURF pa-

rameters obtained by applying the π−SURF model to the spherical SANS data

are not presented since the parameters yield Pop-plot data that is totally unrealis-

tic. The synthetic Pop-plot data produced using the calibration by Clements et al.

[2018] is significantly different then the experimental Pop-plot data produced by

Gustavsen et al. [2006] to which it was calibrated. The possibilities for this can
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be attributable to the variation in material strength models used between pres-

sure calculations in the experiment and model, the fact that SURF also does not

predict the exact turn over to detonation precisely, or some combination thereof.

The strength models used in the experimental and modeling efforts were not re-

ported.

Next, this method is applied to the high-temperature SANS PBX 9502 mea-

surements. The results are shown in Table 4.7. The results of applying this

method to high-temperature PBX 9502 using the same assumptions and mate-

rial properties used by Perry et al. [2018a] and only correcting for initial tem-

perature produces SURF constants that do not match experimental observations.

As shown in Table 4.2, the SURF parameters are A=2.0 and B=13.7 Mbar−1. Al-

though the experimental results are that of PBX 9502 at 250 ◦C, whereas the maxi-

mum temperature of the microstructural data is of PBX 9502 at 220 ◦C examining

the SANS data for the high-temperature PBX 9502 indicates that both the pri-

mary void size and the void volume fraction are both asymptotic between 200

and 220 ◦C. Therefore, only a minor difference in SURF parameters would be

expected for the difference between 220 and 250 ◦C. Additionally, there is a large

discrepancy between the SURF parameters obtained by the spherical and fractal

models. Due to the unrealistic results produced by the SURF parameters using

the π−SURF model in conjunction with the high-temperature SANS data syn-

thetic Pop-plots are not presented.

Finally, the π-SURF method is applied to the low-density PBX 9502 mea-

surements. The results are shown in Table 4.8 and are very similar to those of the

high-temperature PBX 9502. The SURF parameters obtained from the π−SURF

model used with low-density SANS data differs greatly from the trends observed
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Table 4.7: SURF constants for high-temperature PBX 9502.
Temperature

(◦C)
Microstructural

Model
A B

(Mbar−1)

180 Fractal -1.50 11.2
Spherical -5.56 32.3

200 Fractal -1.54 10.4
Spherical -5.36 31.8

220 Fractal -1.57 10.6
Spherical -5.47 32.8

experimentally. The behavior of the low-density π−SURF parameters is similar

to that of the high-temperature parameters. Both the high-temperature and low-

density data sets yield SURF parameters well below what is expected for the

void distributions obtained and the spherical model is erratic in outputs indicat-

ing there is a systemic influence on the π−SURF model. In the application of

the π−SURF model to low-density PBX 9502 SANS data Perry et al. [2018a] use

synthetic SANS data since the data presented here did not exist at that time. The

synthetic SANS data had a smaller void size distribution than that of the actual

measured void size distribution. As discussed in their paper, Perry et al. [2018a]

state that voids with a diameter of 2 µm take almost 1 µs to collapse and reach

the critical hot spot temperature. This time scale is considered to be too long to

affect the SDT process. π−SURF operates on the assumption that only adiabatic

void collapse provides the energy required for localized initiation and the critical

hot spot temperature is constant independent of the void morphology. Referring

to Figure 1.3, the void collapse of a spherical void is shown. In this figure there

are two mechanisms described by Bourne and Field [1999] that provide enough

localized energy for hot spot initiation; adiabatic void collapse and a jet impact of

the HE on the opposing void wall. It is possible that a combination of these is nec-

essary for an HE to become more sensitized to shocks. More research and theory

107



development of void collapse, particularly the effect of void shape, is required to

understand the process of microscopic hot spot nucleation.

Table 4.8: SURF constants for low-density PBX 9502.
Density
(g/cm3)

Microstructural
Model

A B
(Mbar−1)

1.701 Fractal -1.34 10.7
Spherical -2.88 20.2

1.745 Fractal -1.20 9.8
Spherical -4.24 27.7

1.796 Fractal -1.20 10.3
Spherical -5.35 32.4

1.851 Fractal -1.28 9.9
Spherical -2.65 16.8

4.5 Summary

The data in this chapter shows the preliminary calibration of the SURF

reactive burn model to high-temperature PBX 9502 SDT data and how it com-

pares to data sets by (Dallman and Wackerle [1993]; Gustavsen et al. [2017]). It

was found that the calibration of the new data presented here produces a Pop-

plot that slightly over predicts the run distance at the calibration pressure and

has a slightly steeper slope than that of the Pop-plot data published by Dallman

and Wackerle [1993]. There are two possibilities for the differing slope. First,

this slope could be a real effect of the radial confinement on the microstructure

and therefore a different shock response. Second, this could be a result of errors

in the data used for the calibration. The high-temperature calibration was effec-

tively done with one data point since the 4 GPa experimental data is suspect. It

is clear therefore that more data is needed at varying pressures in order to more

accurately calibrate SURF to these conditions.
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The calibration of low-density (~1.700 g/cm3) SDT data of PBX 9502 was

also shown in this chapter. More data is clearly needed to draw conclusive cal-

ibration results in addition to shock Hugoniot data to correct for a significant

time-of-arrival discrepancy.

The published SURF parameters for calibration to undamaged PBX 9502

apparently do not overlay the Pop-plot data they were calibrated to. This odd

result can be attributable to two possible culprits. First, the impact pressures

reported by Gustavsen et al. [2006] were calculated based on the shock Hugo-

niot properties of the impactor and the PBX 9502, and material strengths were

neglected. The strength properties used by Clements et al. [2018] in their SURF

model were not discussed in their publication and therefore it is unknown if there

is a difference in pressure from that reported and that ’seen’ by SURF, which

would affect the rate of build to reaction and subsequently the Pop-plot gener-

ated. The second likely cause of the difference in Pop-plot results may be the fi-

delity of the SURF simulations to the selected experimental particle velocity data

to which it was compared. While the accuracy of the calibrated SURF parame-

ters to the experimental particle velocities reported by Clements et al. [2018] is

reasonably good, it is not perfect. There are some slight discrepancies between

the time-of-arrival of the shock at the gauge location as well as an over or under

prediction of the particle velocities during reaction build up. These differences

may also be a cause for the difference in Pop-plot curves.

Finally, neutron scattering data taken previously of nominal, high-temperature,

and low-density PBX 9502 were applied to the π-SURF model developed by Perry

et al. [2018b]. The results of this model with nominal PBX 9502 closely match

the calibrated SURF parameters. When applied to high-temperature PBX 9502,
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the π-SURF method does not yield SURF parameters that reflect the sensitivity

changes expected. This is possibly caused by the assumptions originally made in

the model about the critical temperature of hot spots and associated parameters.

Future developments in the understanding of hot spot theory and the critical

hot spot temperature will further inform the model. Despite the fact that erro-

neous SURF parameters were obtained for off-nominal PBX 9502 using π-SURF,

the results using the fractal model of the SANS data shows the correct trend of

increased sensitivity with increased void space as shown by SDT data. However,

the spherical model does not fit this trend, and so clearly the fractal data shows

more promise as a candidate for use in π−SURF although this lends doubt to the

adiabatic spherical void collapse assumption currently implemented.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

5.1 Conclusions

The aim of this thesis is to characterize the microstructure and SDT behav-

ior of high-temperature and low-density PBX 9502 and apply these characteristics

to a new modeling method. This new method of modeling relates physical char-

acteristics to reactive burn model parameters and was developed by Perry et al.

[2018b]. The initial conditions of the high-temperature and low-density PBX 9502

were of interest as they are representative void distributions of PBX 9502 in ab-

normal conditions witnessed during potential accident scenarios.

Explosive charges used in real world applications are constrained and not

free to expand in any direction under thermal insult. In order to collect data of

high-temperature PBX 9502 SDT data, an experiment was devised and executed

in order to collect radially constrained and effectively axially unconstrained SDT

data of PBX 9502 at 250 ◦C that more closely matches real world conditions. Ad-

ditionally, pressed to low-density PBX 9502 (1.700 g/cm3) was also tested. This

was done to elucidate the effects of increased void volume while removing ther-

mal rate kinetics from the experiment that are related to preheating. It was de-
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termined that the radially constrained high-temperature PBX 9502 experiment

gives a similar shock response to that of unconstrained PBX 9502, although ac-

cording to the limited data obtained the radially constrained PBX 9502 is slightly

less sensitive. The SDT response of low-density PBX 9502 also differs from high-

temperature PBX 9502. That is, pressed to low-density material is not a good

surrogate for simulating material heated to low-density because the void distri-

butions differ greatly.

In order to use the π-SURF model microstructural information is needed,

specifically a void size distribution. This was obtained using a combination of

SANS and USANS for both high-temperature (180 − 220 ◦C) and low-density

(1.626− 1.851 g/cm3) PBX 9502. Two different models were used to obtain these

measurements. It was determined that the void morphology of nominal or pro-

duction PBX 9502 differs greatly between high-temperature and low-density PBX

9502. Most notably, the void size as a function of increasing temperature appears

to be asymptotic, whereas for lower and lower pressing density it appears to in-

crease unbounded. The two void fitting models used also showed different mor-

phologies due to the inherent treatment of void volume. The fractal model treats

the void volume as a hierarchical arrangement of voids of a primary size, whereas

the spherical model fits the void space with voids of decreasingly smaller size.

This leads to the spherical model estimating a larger void volume fraction than

the fractal model.

The data obtained in the SDT experiments were used to obtain initial cal-

ibration parameters for SURF of high-temperature and low-density PBX 9502.

The calibration parameters for both sets of initial conditions are currently sub-

optimal. This is due to the small amount of SDT data collected as well as the poor
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quality of some of the PDV data. However, improvements can be readily made

by the accumulation of more SDT data at high-temperature and low-density.

Finally, the π−SURF model was used to obtain SURF parameters for un-

damaged, high-temperature, and low-density PBX 9502. The application of π−SURF

to the undamaged PBX 9502 resulted in good agreement with SURF parameters

obtained through calibration of SDT measurements when the fractal model of

the undamaged (nominal material) SANS data was used. The spherical model

data did not produce reasonable SURF parameters. The simple application of the

same π−SURF burn parameters to the high-temperature and low-density data

did not result in reasonable SURF parameters. The presumed reasoning for this

is that the SANS data for the off-nominal PBX 9502 shows a void size distribution

that encompasses a significant quantity of voids on the order of 1 µm or larger.

It appears that the current π−SURF model with its assumptions about hot-spot

formation does not adequately treat heating and ignition sites from these larger

voids.

5.2 Future Work

The data acquired for PBX 9502 presented here have been collected in con-

ditions not studied before or studied in very limited cases. Prior to this study

SANS measurements of high-temperature HE had never been acquired. Like any

new study more data is needed statistically validate the measurements taken.

To better estimate void geometry SANS measurements orthogonal to the press-

ing axis need to be acquired. Also, the maximum temperature achieved in the

SANS/USANS measurement types is 220 ◦C. A temperature of 250 ◦C would be
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ideal to match the SDT experimental temperatures. The specimens used in the

SANS and USANS measurements have also been measured using ultra small-

and small-angle x-ray scattering and have demonstrated good agreement. The

benefit to this is that the scanning time of SAXS type measurments is approxi-

mately 15 minutes as opposed the 4 hours required by USANS making measure-

ments at 250 ◦C feasible without significant sample thermal chemistry occurring

during the scan.

The SDT data of high-temperature and low-density PBX 9502 obtained

through the MCCT tests clearly needs more data points. A broader range of in-

put pressures coupled with more higher quality PDV data would allow for much

stronger conclusions on sensitivity of PBX 9502 in these abnormal conditions.

The heated MCCT experiment is a very complex undertaking and so many im-

provements were identified, such as a better heater for operation under vacuum

and better thermal insulation of PDV probes, that would improve the design and

result in better data return if repeated.

With respect to the modeling portion of this study, improvements can be

made with more and better SDT data to calibrate to as well as the use of au-

tomated optimization methods for calibration. To improve upon the π−SURF

model for off-nominal microstructures further research is needed in order to iden-

tify a critical void diameter at which jetting deposits a non-negligible amount of

energy at the void wall and the total energy contribution from the the burn center

nucleation cannot be assumed to be purely adiabatic void compression.

Yeager et al. [2010]
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